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93  J/cm2/pulse  for  invar,  both  for  state-of-the-art  cooling  (heat -transfer  coefficient  10 
W/cm2  K and  face-plate  thickness  0.5  mm).  Such  great  values  of  (Itp)  , which  seemed 
impractical  at  the  beginning  of  the  program,  may  be  greater  than  the  cfamage  threshold 
(I tp)d » which  is  expected  to  be  between  10  and  several  hundred  J/cm2  in  present  coatings. 
Thus,  increasing  the  damage  threshold,  by  the  same  ultraclean  deposition  techniques  sug- 
gested previously  to  decrease  the  coating  absorptance,  would  further  increase  the  system 
performance.  A proposed  cluster-of-microscupic-imperfections  explanation  of  localized 
damage  sites,  which  could  explain  previous  localized  damage  when  macroscopic  inclu- 
sions could  not  be  found,  indicates  this  possibility  of  increasing  the  damage  threshold. 
Invar  and  molybdenum  are  the  two  leading  substrate  candidates;  Cu,  Al,  Ag,  and  Au  have 
substrate-limited  repeated-pulse  and  single-pulse  thresholds  below  10  J/crm,  and  SiC 
has  potential  reflector  fabrication  problems.  A figure  of  merit  fiK  JLn(nn/ri]J/a(l  + v)  is 
less  important  than  technical  factors  in  choosing  candidate  coating  materials,  the  optical 
coating  material  requirements  being  substantially  reduced  by  the  use  of  the  intermediate- 
thermal-layer  design.  Tetrahedral-carbon  films  (so-called  diamond  films)  recently  de- 
veloped at  the  Aerospace  Corporation  possibly  could  be  superior  optical-coating  films. 
Two-photon  absorption  can  be  tolerated  in  coatings,  but  not  in  windows.  Greater  strength 
of  materials  in  thin-film  form  possibly  could  make  fracture  a relatively  unimportant 
failure  mechanism.  Measurements  of  the  expansion  coefficients  a of  coating  materials 
in  thin-film  form  are  needed.  The  notion  of  a penetration  depth  of  the  irradiance  into  the 
coating  is  introduced  to  interpret  and  explain  the  coating- material  absorptance,  the  sub- 
strate absorptance,  the  optical  distortion  from  the  change  in  phase  of  the  reflection  coef- 
ficient, and  the  optimum  number  of  layers  in  the  optical  coating.  Cooling  the  substrate, 
which  is  not  effective  for  single  pulses,  is  a major  factor  limiting  the  performance  of 
repeated-pulse  and  cw  reflectors.  Possible  solutions  to  the  model  reflector  problem,  in 
addition  to  the  low  O'  intermediate  layer,  include;  lowering  the  absorptance,  and  possibly 
the  damage  threshold  (see  above),  by  considerably  improving  ultrapure  deposition  tech- 
niques; using  an  invar  substrate;  depositing  an  ultralow  expansion  coating;  and  such  engi- 
neering solutions  as  adaptive  optics  (possibly  with  an  uncooled  invar  substrate)  and  heat- 
pipe  mirrors  (possibly  with  adaptive  optics).  (2)  The  generally  difficult  problems  of  cal- 
culating the  temperature  distribution  and  stress  components  in  layered  structures  with 
both  radial  and  axial  variation  of  temperature  were  solved  in  closed  form  with  sufficient 
accuracy  to  be  comparable  with  the  assumptions  and  the  accuracy  with  which  the  param- 
eters are  known  by  considering  the  stress  as  the  sum  of  two  terms.  The  detached-stress 
term  is  that  of  a reflector  divided  into  many  thin  layers,  and  the  attachment-stress  term 
is  the  stress  required  to  bring  the  layers  back  to  their  actual  positions.  Thickness 
changes,  which  cause  optical  distortion,  tend  to  be  more  affected  by  the  detachment 
stresses  than  by  the  attachment  stresses.  Neglecting  the  latter  greatly  simplifies  the 
analysis  and  results  and  gives  quite  accurate  results  (five  percent  for  the  worst  tempera- 
ture distribution  and  of  order  ~ 4p/4fg  for  the  best  case  of  a currently  used  reflector) 
for  many,  but  not  all,  reflectors.  (3)  Values  of  the  failure  thresholds  for  windows  are 
calculated  for  the  known  important  failure  mechanisms.  If  an  adaptive  optical  system 
(with  a reasonable  time  constant  of  10"3  s)  can  be  developed,  the  value  of  (Itp)0  for  a 
window  will  be  increased  to  the  great  single-pulse  value  of  3.  3 J/cm2/pulse,  as  set  by 
thermal  optical  distortion  from  extrinsic  absorption,  or  possibly  slightly  lower  from  in- 
clusions of  clusters.  Without  adaptive  optics  the  threshold  is  much  lower:  (I  tp)0  = 

= 3.  3 x 10-2  J/cm2/pulse,  as  set  by  extrinsic  absorption  (even  assuming  that  j3  can  be 
reduced  to  10"^cm"l,  which  may  not  be  easy).  Technical  considerations,  including  the 
position  of  F bands  and  other  imperfection  absorption  bands  as  discussed  by  P.  H.  Klein, 
are  more  important  than  are  figures  of  merit  in  choosing  candidate  window  materials,  as 
well  as  coating  materials.  The  major  difference  between  the  two  wavelength  regions 
250 nm  and  350 nm  is  that  two-photon  absorption  precludes  the  use  at  250 nm  of  many 
materials  that  are  useful  at  350  nm  (where  they  are  limited  by  three-photon  absorption). 

In  a comparison  of  previous  theoretical  estimates  of  the  two-photon  absorption  coefficient 
with  eight  experimental  values,  the  absorption  coefficient  in  alkali  iodides  and  alkali 
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20.  Abstract  (Cont. ) 

bromides  is  typically  underestimated  by  a factor  of  two,  which  is  better  agreement  than 
previously  predicted  for  the  rough  estimate.  Reasonable  materials  that  do  not  suffer  two- 
photon  absorption  at  350  nm  arc  LiF,  Mgl’2  CaF2  , IkO  , NaF  , Sr  1*2  , BaF2  , AI2O3  , 
SiOj  (fused  and  crystalline),  MgO,  and  possibly  BeF2  • Of  these  materials,  LiF,  Mgl*2  , 
bel'2  . and  perhaps  Cal'2  and  BeO,  do  not  suffer  two-photon  absorption  at  250 nm. 

Sapphire  has  an  estimated  fracture  temperature  that  is  a factor  of  10  greater  than  that  of 
other  materials.  Alkaline-earth  fluorides  tend  to  be  less  susceptable  to  thermal  dis- 
tortion than  other  materials.  (4)  In  the  first  phase  of  the  re-investigation  of  electron- 
avalanche  breakdown,  a classical  transport  equation  is  derived  from  the  Boltzmann 
equation  and  is  used  to  derive  an  expression  for  the  average  electron-multiplication  rate 
r.  The  electron-phonon  interaction  parameters  appearing  in  T are  evaluated. 
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This  Eighth  Technical  Report  describes  the  work  performed  on  Contract 
Number  DAHC15-73-C-0127  on  Theoretical  Studies  of  High-Power  Ultraviolet 
and  Infrared  Materials  during  the  period  from  1 July  1976  through  31  December, 
1976.  The  work  on  the  current  contract  is  a continuation  of  that  of  the  previous 
Contract  Number  DAHC15-72-C-0129. 

The  following  investigators  contributed  to  this  report: 

Dr.  C.  J.  Duthler,  principal  research  scientist 

Mr.  M.  R.  Flannery,  research  assistant 

Dr.  T.  D.  Holstein,  consultant.  University  of  California,  Los  Angeles 

Dr.  M.  Sparks,  principal  investigator. 

Previously  reported  results  are  not  repeated  in  the  present  report,  with  the 
exception  of  Sec.  F,  which  is  a copy  of  an  earlier  paper  presented  at  the  DARPA 
Conference  on  Infrared  Laser  Window  Materials,  Boulder,  Colorado,  12  July  1976. 
It  is  included  for  completeness;  later  results  are  compiled  in  Sec.  D. 
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Sec . A 


A.  SUMMARY  AND  INTRODUCTION 

\ 

The  main  thrust  of  the  program  in  the  current  report  period  has  been  on 
analyzing  the  expected  performance  of  high -power  reflectors  and  windows  for 
use  in  the  wavelength  region  from  250  to  350  nm,  in  anticipating  potential 
problems  for  these  reflectors  and  windows,  and  in  seeking  solutions.  Several 
exciting  new  results  were  obtained.  The  abstracts  and  summaries  in  the 
Introduction  and  Summary  subsections  of  the  individual  sections  provide  an  out- 
line of  the  central  results.  The  following  list  is  intended  to  provide  an  overview 
and  a very  brief  summary  of  the  results  obtained  to  date. 

(1)  Theoretical  results  for  the  failure  modes  of  reflectors  and  windows  are  \ 
derived  and  applied  to  a model  system  with  wavelengths  X = 250  to  350 nm,  pulse 

duration  t = 1 4s  , repetition  rate  100  Hz  (to  Hz),  reflector  absorptance 

■ O 0 S 3 p 1 

5 x 10  , extrinsic  window  material  absorptance  Hj  (absorption  coefficient 

0 = 10  cm  for  a one-centimctcr-thick  window),  and  A./40  allowed  optical 
phase  distortion. 


Reflectors 


(2)  A reflector  design  using  a low  thermal -expansion  intermediate  layer 

such  as  a ThF.  (negative-expansion)/metallic  stack  between  the  optical  coating 

and  the  substrate  to  obtain  near-zero  single-pulse  contribution  to  the  optical 

distortion  should  attain  substrate-limited  optical-distortion  thresholds  of 
2 2 

20  J/cm  /pulse  for  Mo  or  93  J/cm  /pulse  for  invar,  such  high  values  appearing 
unattainable  at  the  beginning  of  the  program. 
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(3)  Possibilities  of  increasing  the  overall  system  performance  now  exist 
since  methods  of  increasing  both  the  damage  threshold  and  the  optical-distortion 
threshold  are  suggested. 

(4)  A proposed  damage  mechanism  of  clusters  of  microscopic  imperfections 
explains  previously  anomalous  isolated  damage  sites. 

(5)  If  the  proposed  damage  mechanisms  in  (4)  is  correct,  it  may  be  possible 
to  increase  the  damage  threshold  by  the  same  ultrapure  deposition  techniques 
suggested  previously  to  decrease  the  great  coating  absorptance. 

(6)  Materials  possibly  may  have  greater  strength  in  thin-film  form  than  in 
bulk  form,  which  could  result  in  the  fracture  threshold  being  relatively 
unimportant. 

(7)  The  notion  of  a penetration  depth  of  the  irradiance  into  the  coating  is 
useful  in  explaining  the  coating  material  absorptance,  the  substrate  absorptance, 
the  optical  distortion  from  the  change  in  phase  of  the  reflection  coefficient,  and 
the  optimum  number  of  layers  in  the  optical  coating. 

(8)  Tetrahedral  carbon  (so-called  diamond),  ThF^  , and  SiCX,  are  good 
candidate  materials  for  coatings. 

(9)  For  coating  materials,  a figure  of  merit  j3  Kin  (nfj/nL)A*  (1  + F)  is  less 
important  than  technical  considerations  in  selecting  candidate  materials. 

(10)  Two-photon  absorption  can  be  tolerated  in  coatings  but  not  in  windows. 


(11)  Invar  and  molybdenum  are  the  most  promising  substrate-material 
candidates. 
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(12)  A good  figure  of  merit  for  substrate  materials  is  1/a  (1  +v)  for  the 

typical  case  of  poor  cooling  (h  « 3 K^/  ) , or  K/a  (1 +P  ) for  good  cooling 

(h»3Kg/is). 

(13)  Measurements  of  the  expansion  coefficients  of  materials  in  thin-film 
form  are  needed  in  order  to  select  and  evaluate  coating  materials  and  to  estab- 
lish the  viability  of  the  proposed  intermediate-thermal-layer  design  of  (2). 

(14)  Possible  solutions  to  the  model  reflector  problem,  in  addition  to  that 
in  (2),  include:  lowering  the  absorptance,  and  possibly  the  damage  threshold 
(see  (5)),  by  considerably  improving  ultrapure  deposition  techniques;  using  an 

) invar  substrate;  depositing  an  ultralow  expansion  coating;  and  such  engineering 

solutions  as  adaptive  optics  (possibly  with  an  uncooled  invar  substrate)  and 
heat-pipe  mirrors  (possibly  with  adaptive  optics). 

» 

(15)  Cooling  the  substrate,  which  is  not  effective  for  single  pulses,  is  a 
major  factor  limiting  the  performance  of  repeated-pulse  and  cw  reflectors. 

i 

(16)  The  state  of  the  art  for  high-power  (water  cooled)  mirrors  is  a heat- 

> 2 

transfer  coefficient  h = 10  W/cm  K and  a face-plate  thickness  = 0.5  mm. 

These  values  were  assumed  in  (2)  above. 

(17)  The  generally  difficult  problems  of  calculating  the  temperature 
distribution  and  stress  components  in  layered  structures  with  both  radial  and 
axial  variation  of  the  temperature  were  solved  in  closed  form  with  sufficient 
accuracy  to  be  compatible  with  the  assumptions  and  accuracy  with  which  the 
parameters  are  known  by  considering  the  stress  as  the  sum  of  two  terms,  a 
detachment  stress  which  is  that  of  a reflector  divided  into  many  thin  layers, 
and  an  attachment  stress  which  is  the  stress  required  to  bring  the  layers  back 
to  their  actual  positions. 
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Windows 

(18)  If  an  adaptive  optical  system  (with  a reasonable  time  constant  of  10"'^  s) 

can  be  developed,  the  value  of  (Itp)  for  a window  will  be  increased  to  the  great 

2 ° 

single-pulse  value  of  3.  3 J/cm  /pulse,  as  set  by  thermal  optical  distortion  from 

-4-1 

extrinsic  absorption  (with  £ = 10  cm  ),  or  possibly  slightly  lower  from  inclu- 
sions of  clusters. 

(19)  Without  adaptive  optics,  the  threshold  is  much  lower:  (It  ) = 3.  3 xlO*2 

2 P ° 

J/cm  /pulse,  as  set  by  extrinsic  absorption  (even  assuming  that  0 can  be  reduced 

-4  -1 

to  10  cm  , which  may  not  be  easy). 

(20)  Technical  considerations,  including  the  positions  of  the  F bands  and 
other  imperfection  absorption  bands  as  discussed  by  P.  Klein,  are  more  impor- 
tant than  the  figures  of  merit  in  choosing  candidate  window  materials,  as  well 
as  coating  materials. 

(21)  The  major  difference  between  the  two  wavelength  regions  250nm  and 
350 nm  is  that  two-photon  absorption  precludes  the  use  at  250nm  of  many  mate- 
rials that  are  useful  at  350 nm  (where  they  are  limited  by  three-photon  absorption). 

(22)  In  a comparison  of  previous  theoretical  estimates  of  the  two-photon 
absorption  coefficient  with  eight  experimental  values,  the  absorption  coefficient 
in  alkali  iodides  and  alkali  bromides  is  typically  underestimated  by  a factor  of 
two,  which  is  better  agreement  than  previously  predicted  for  the  rough  estimate. 

(23)  Reasonable  materials  that  do  not  suffer  two-photon  absorption  at  350  nm 

are  LiF,  MgF2  , CaF^,  BeO,  NaF , SrF2  , BaF2  , , SiC^  (fused  and  crys- 

talline), MgO , and  possibly  BeF2  . Of  these  materials,  LiF,  Mgl^  , BeF2  , 
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and  perhaps  CaF^  and  BeO , do  not  suffer  two-photon  absorption  at  250 nm. 
Sapphire  has  an  estimated  fracture  temperature  that  is  a factor  of  10  greater 
than  that  of  other  materials.  Alkaline-earth  fluorides  tend  to  be  less  susceptable 
to  thermal  dostortion  than  other  materials. 

2 2 

(24)  Values  of  the  failure  thresholds,  in  J/cm  /pulse  (or  MW/cm  during 
the  pulse),  calculated  for  the  important  known  window-failure  mechanisms  for 
the  model  system  in  (1)  above  are  as  follows.  (Values  in  parentheses  are  for 
single-pulse  operation. ): 


Thermal  optical  distortion,  two  photon 

2.4  xlO-2 

(2.9) 

-4  -1 

Thermal  optical  distortion,  extrinsic  /3  = 10  cm 

3.3  xlO'2 

(2  x 103) 

Fracture,  two -photon 

0.22 

(14) 

Fracture,  inclusion  or  clusters 

~2  to  ~500 

(same) 

Free-carrier  optical  distortion,  two-photon 

2.2 

(same) 

-4  -1 

Fracture,  extrinsic  j3  = 10  cm 

3.3 

(2  xlO5) 

Thermal  optical  distortion,  three-photon 

28 

(440) 

Fracture,  three -photon 

89 

(1.4  xlO3) 

-4  -1 

Free-carrier  optical  distortion,  extrinsic  = 10  cm 

140 

(same) 

Free-carrier  optical  distortion,  three-photon 

1.8  x 103 

(same) 

Nonlinear  refractive  index  optical  distortion 

3. 1 x 103 

(same) 

Electron-Avalanche  Breakdown 

(25)  In  the  first  phase  of  the  re- investigation  of  electron-avalanche  break- 
down, a classical  transport  equation  is  derived  from  the  Boltzmann  equation  and 
used  to  derive  an  expression  for  the  electron-avalanche  multiplication  rate  T, 
and  the  elcctron-phonon-interaction  parameters  appearing  in  T are  evaluated. 


' 
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B.  OPTICAL  DISTORTION  AND  FAILURE  IN  HIGH-POWER  REFLECTORS 


M.  Sparks 


Xonics,  Incorporated,  Santa  Monica,  California  90401 


(1)  Theoretical  results  for  the  melting,  fracture,  and  optical  distortion  of 
dielectric  reflectors  deposited  on  metallic  substrates,  under  single-pulse,  repeated- 

pulse,  and  cw  operation  are  derived  and  applied  to  high-power  reflectors  with 

-3  -1 

absorptance  A = 5 x 10  (absorption  coefficient  /3  200cm  , typically),  pulse 
duration  t = 1 Jis  , repetition  rate  = 100  Hz  , and  wavelength  X = 250  to  354  nm. 

(2)  Several  possible  solutions  to  this  reflector  problem  are  suggested,  including 

an  intermediate  ThF^  (negative  expansion)/metal  stack  between  the  optical  coating 

and  the  substrate  to  obtain  a near-zero  single-pulse  contribution  to  die  optical 

distortion.  The  remaining  substrate-limited,  repeated-pulse  optical  distortion 

2 2 

thresholds  (It  ) are  20J/cm  /pulse  for  Mo  and  93  J/cm  /pulse  for  invar. 

P or 

Such  high  values  seemed  quite  impractical  at  the  beginning  of  the  program. 

(3)  Other  solutions  include:  lowering  the  absorptance,  and  possibly  the  damage 
threshold  as  discussed  below,  by  considerably  improving  ultra-clean  deposition 
techniques;  using  an  invar  face  plate;  depositing  an  ultralow  expansion  coating  ; 
and  such  engineering  solutions  as  adaptive  optics  (possibly  with  an  uncooled  invar 
substrate)  and  heat-pipe  mirrors  (possibly  with  adaptive  optics).  Implementing 
one  of  these  solutions  possibly  could  increase  0tp)()r  to  a value  above  the  damage 
threshold,  which  is  expected  to  range  from  10  to  possibly  several  hundred  J/cm". 

(4)  A proposed  damage  mechanism  involving  clusters  of  microscopic  imperfec- 
tions appears  to  explain  experimental  damage  results,  including  localized 
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damage  sites  that  occur  even  in  the  absence  of  observable  macroscopic  inclusions, 
and  indicates  that  the  super-clean  deposition  techniques  suggested  previously  to 
decrease  the  absorptance  possibly  may  increase  the  damage  threshold,  thereby 
increasing  the  system  performance  if  the  optical  threshold  is  increased  as  in  (2) 
and  (3).  (5)  Tetrahedral  carbon  (so-called  diamond),  recently  deposited  at  the 

Aerospace  Corporation,  should  be  a superior  coating  material,  other  good  candi- 
dates being  rhl-^  , SiC>2  , and  possibly  HfC>2  . (6)  The  notion  of  a penetration 

depth  of  the  irradiance  into  the  coating  is  useful  in  explaining  the  coating-material 
absorptance,  the  substrate  absorptance,  and  the  optical  distortion  from  the  change 
in  phase  of  the  reflection  coefficient.  (7)  Greater  strength  of  materials  in  thin- 
film  form  possibly  could  make  fracture  a relatively  unimportant  failure  mechanism. 
(8)  Invar  and  molybdenum  are  the  two  leading  substrate  candidates,  with  Cu,  A1 , 
Ag,  and  Au  having  both  substrate-limited  repeated -pulse  thresholds  and  single- 
pulse  thresholds  below  10  J/cm  , and  SiC  having  potential  reflector-fabrication 
problems.  (9)  Measurements  of  the  expansion  coefficients  of  coating  materials, 
particularly  ThF4  , SiC>2  , and  IIfC>2  , in  thin-film  form  are  needed.  (10)  A figure 
of  merit  0 K £n  (n{  j/n^)/a  (1  + y)  is  less  important  than  technical  factors  in  choos- 
ing candidate  coating  materials,  the  optical-coating-material  requirements  being 
substantially  reduced  by  the  use  of  the  intermediate-thermal-layer  design  since 
the  optical  distortion  is  limited  by  the  substrate.  (11)  Two-photon  absorption 
can  be  tolerated  in  coatings  (but  not  in  windows).  (12)  Cooling  the  substrate, 
which  is  not  effective  for  single  pulses,  is  a major  factor  limiting  the  performmee 
of  repeated -pulse  and  cw  reflectors.  State-of-the-art  water-cooled  reflectors 
have  heat-transfer  coefficient  h = 10  W/cm  K and  face-plate  thickness  0.5  mm. 

(13)  The  generally  difficult  problems  of  calculating  the  temperature  distribution 
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and  stresses  in  layered  structures  with  both  radial  and  axial  variation  of 
temperature  were  solved  with  sufficient  accuracy  to  be  comparable  with  the 
assumptions,  the  accuracy  with  which  the  parameters  are  known,  etc. 
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I.  INTRODUCTION  AND  SUMMARY 


The  availability  of  high-power  lasers  has  generated  interest  in  new  classes 

of  materials  problems.  Numerous  publications  such  as  those  in  the  Proceedings 

of  the  Annual  Conferences  on  Infrared  Materials,  recent  Boulder  conferences  on 

Laser  Induced  Damage  in  Optical  Materials,  and  various  journals  afford  many 

examples  of  these  new  problems  and  attest  to  the  continued  growing  importance 

1 2 

of  high-power  optical  systems.  ’ Much  of  the  recent  work  has  been  in  the 
infrared  region,  but  interest  has  been  shifting  to  the  ultraviolet  and  visible 
regions. 

Theoretical  analyses  of  optical  distortion  and  fracture  of  windows  for 

high-power  systems  were  carried  out  early  in  the  high-power  infrared  laser 
3 4 

program.  Bennett  has  analyzed  the  single-pulse  optical  distortion  of  uncoated 
metallic  mirrors.  In  the  present  paper,  optical  distortion,  melting,  and  frac- 
ture of  multilayer-dielectric  reflectors  and  uncoated  metallic  reflectors  used 
in  single-pulse,  repeated-pulse,  and  cw  operation  are  analyzed.  The  general 
purpose  of  the  investigation  is  to  provide  the  theoretical  study  needed  in  antici- 
pated programs  to  develop  high-power  reflectors.  Guidelines  for  selecting  the 
best  candidate  materials  for  coatings  and  substrates  are  given,  and  experiments 
needed  to  assist  in  the  selection  are  identified.  Intrinsic  and  extrinsic  limita- 
tions of  reflector  performance  are  considered,  and  possible  solutions  to  the 
reflector  problems  are  suggested. 

Reflectors  can  fail  catastrophically,  by  melting  or  fracture  of  the  coating, 
for  example,  or  fail  to  meet  their  required  specifications,  by  excessive  optical 
distortion,  for  example.  A general  treatment  of  the  theory  of  the  energy  density 


. 
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Itp  or  the  irradiancc  I at  which  this  failure  occurs  in  such  optical  components 
as  reflectors  and  windows  would  be  extremely  useful,  but  is  quite  impractical  to 
develop.  Not  only  do  the  required  specifications  differ  drastically  from  system 
to  system,  but  the  theoretical  values  of  I or  Itp  for  failure  involve  so  many 
parameters  - such  as  wavelength,  temperature,  pulse  duration,  pulse  repetition 
rate,  maximum  irradiance,  dimensions  of  the  optics  and  the  optical  beams, 
pressure,  and  mode  of  operation  such  as  single-pulse,  repeated-pulse,  contin- 
uous operation,  or  operation  for  a given  time  - that  a treatment  of  all  possible 
combinations  of  parameters  is  not  feasible.  Thus,  we  are  forced  to  consider 
particular  systems  as  interest  arises  or  to  make  incomplete,  broad  analyses  of 
general  types  of  systems.  The  present  study  will  emphasize  a particular  model 
system,  but  the  treatment  is  kept  as  general  as  practical,  consistent  with  a 
reasonable  length  and  with  practical  usefulness,  in  order  to  be  of  wide  interest. 

The  properties  of  the  model  system  are  as  follows: 

• wavelength:  A = 354  nm  (3.50  eV);  alternate:  250nm  (4.96eV) 


3 

• repetition  rate:  100  Hz  (100  pps),  with  possible  increase  to  10  pps 

• total  operating  time:  60s 

2 

• energy  density:  It^  = 10  J/cm  /pulse 

7 2 

• irradiance  (during  the  pulse):  I = 10  W/cm 

3 2 

• irradiance  (averaged  over  the  60  seconds):  Igv  = 10  W/cm 

• optical  tolerance:  A/40  of  the  operating  wavelength  per  element  for 
thermally  induced  wave-front  error 

• pressure:  two  atmospheres  nominal;  four  atmospheres  during  the  pulse 
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• pulse  shape:  rectangular  with  no  spikes 

• laser  material:  not  yet  selected.  Xenon  fluoride,  at  354 nm,  is  a prime 
contender.  Krypton  fluoride,  at  250nm,  is  a test  system. 

• environment:  The  optical  components  will  be  protected  from  the  corrosives 
and  from  direct  exposure  to  electrons  and  X-rays.  Thus,  resistance  to  these 
environmental  factors  is  not  essential,  but  would  be  desirable. 

• visible  transmission:  sufficient  for  alignment. 

Values  of  parameters.  In  addition  to  these  general  system  parameters,  the 
following  values  will  be  used  throughout  the  paper  in  order  to  afford  numerical 
examples: 

• substrate  thickness,  £g  =0.  1 cm 

_3 

• absorptance,  A=5x  10 

3 

• heat  capacity  of  substrate,  Cg  = [2.61  J/cm  K ] 

• thermal  conductivity  of  substrate,  Kg  = [ 1.4  W/cmK] 

• linear  thermal  expansion  coefficient  of  substrate,  ttg  = [5  x 10  ^ K 1 | 

• effective  heat  capacity  of  coating,  Cp  = [ 3. 14  J/cm^  K ] 

• effective  thermal  conductivity  of  coating,  Kp  = [0.285  W/cmK  J 

• effective  value  of  a(l  + v)  of  coating,  a„(l  + p„)  = [ 15.  6 x 10  K *]. 

r r 

The  numerical  values  in  brackets  above  and  throughout  the  paper  are  for  an 

MgO/MgF2  coating  on  a molybdenum  substrate  operating  at  250 nm,  unless 

specified  otherwise.  The  effective  values  of  C,  K,  and  a(l+l/)  for  the  coating 

are  derived  in  Appendix  A.  Values  of  C,  K,  and  a for  other  materials  are 

listed  in  Table  I,  and  results  for  other  coatings  and  substrates  are  given  in 

.3 

Table  II  below.  It  is  emphasized  that  the  value  of  absorptance  A = 5 x 10 
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listed  above  surely  is  much  greater  than  the  intrinsic  limit  and  that  solving  the 
anticipated  technical  problems  of  obtaining  lower  values  of  absorptance  would 
increase  the  values  of  the  tolerable  energy  densities  It^  and  decrease  the  required 
cooling  (value  of  the  heat-transfer  coefficient  h)  obtained  below. 

Approximations  and  Assumptions 

• The  laser  pulses  are  approximated  by  square  waves  in  time,  the  pulse 
duration  being  t . 

• The  irradiance  has  the  value  I at  the  spatial  position  of  maximum  intensity, 
which  is  at  the  center  of  the  beam. 

• Radial  (in  the  plane  of  the  substrate)  heat  diffusion  is  neglected. 

• The  temperature  dependence  of  the  material  parameters  is  neglected.  In 
accurate  analyses  of  some  particular  systems,  the  accuracies  of  the  calculation, 
the  model,  and  the  values  of  parameters  may  warrant  an  investigation  of  the  effect 
of  the  temperature  dependence  of  the  parameters. 

• The  back  side  of  the  substrate  is  cooled  and  supported  with  a system  that 

2 

gives  a heat-transfer  coefficient  h(W/cm  K)  and  holds  the  rear  surface,  at 
z = £„  + , of  the  substrate  in  a plane  (no  bowing).  Here  is  the  coating 

thickness. 

• The  optical-distortion  failure  criterion  is  taken  simply  as 


opd 


X/g 


(1.1) 


where  l ^ = 2Aj£  is  the  optical-path  difference  between  rays  at  the  center  and 
opd 

at  the  edge  of  the  reflector  resulting  from  the  laser  heating,  A£  is  the 
corresponding  surface  distortion,  and  g is  constant. 

• The  thermally  induced  phase  change  <?r  of  the  reflection  coefficient  is 
neglected  in  the  values  listed  in  Table  11.  See  Sec.  V1U. 
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in  order  to  obtain  numerical  values  of  optical-failure  thresholds,  the  value 
of  g =40  (X/80  surface  distortion)  will  be  used  for  the  thermally  induced  optical 
distortion.  For  any  particular  criterion  of  failure,  the  corresponding  value  of  g 
can  be  calculated  and  used  to  easily  scale  the  results  given  for  g =40  to  those 
of  the  particular  criterion.  As  an  example,  g =8  corresponds  to  halving  the 
intensity  in  the  focal  plane  for  a single  optical  element  under  a simple  set  of 
conditions  that  includes  a parabolic  temperature  distribution  truncated  at 

o j C 

1/3.'  ’ 4 As  another  example,  Winsor  has  considered  the  optical-tolerance 
requirements  of  systems  containing  a number  of  reflectors  and  windows,  and 
Bennett  and  co-workers^  have  derived  the  failure  thresholds  for  a system  con- 
taining N reflectors  having  physical  displacement  of  the  surface  T ^ caused  by 

initial  (no  heating)  figuring  error.  Using  the  Marechal  criterion  for  allowable 

5 6 

optical  distortion,  these  investigators'3’  derived  the  failure  criterion 
I/I0  = 0.8  = 1-  (27T/X)2  i(NTf2  + N2  A2pd)  . 


Setting  £opd  = X/g,  defining  T{=  X/gf , and  solving  for  g gives 


= i 21/2 


8 - 2 


N 


5(2ir  Y 


N 

2gf2 


-1/2 


(1.2) 


For  N = 3 (3  mirrors)  and  gf  =25  (that  is,  X/25  initial  figuring  error),  (1.2) 
gives  g =40.  Or  for  N=4  and  gf-*°=>,  (1.2)  gives  g = 40 . Thus,  the  value 
of  g =40  is  not  atypical,  hi  passing,  it  is  mentioned  that  in  general  the  ray- 
bending  angle  0 is  given  by  0 = -dfopd/dp,  where  p is  the  distance  from  the 
optical  axis. 
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For  a Gaussian  beam, 

2 

t=I  c_aP 
1 *0 

the  center  (p  = 0)  temperature  TQ  and  rim  (p=R)  temperature  differ  by 
Tq  [ 1 - exp(-a  R2)  ] ; thus  (see  Fig.  1) 

where  Af,  s (A£)p_Q  is  the  thermal  expansion  of  the  center  of  the  mirror.' 
Thus,  the  criterion  (1. 1)  becomes 


A£  = X/2G 


where 

-a  R2 

2 G = 2 g(  1 - e aK  ) 

= 1.26  g 

= 1-73  g 

= 2g 


for  1/e  truncation 
2 

for  1/e  truncation 
for  l/e°°  truncation  . 


(1.3) 


In  the  numerical  calculations,  the  1/e' 


value  with  g ^ 40  will  be  used: 


2G  = 70  . 


(1.4) 


Reflectors  considered.  Invar,  Mo,  SiC,  Cu,  Ag,  and  A1  substrates  and  a 

8 9 

45 -layer  MgO/MgF2  coating  and  21- layer  Hf02/Si02  coating  are  included  in 
this  report.  These  same  two  coatings  are  considered  with  each  of  the  substrates, 
with  no  attempt  to  maximize  the  performance  for  the  cases  presented  in  Table  II. 
In  addition,  a ThF^/Si02  coating  is  considered  in  order  to  illustrate  the  potential 
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Fig.  1.  Thermally  distorted  mirror  showing  that  the  optical-path 
distortion  is  equal  to  twice  the  physical  distortion. 
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advantages  and  possible  problems  of  using  ThF4  (with  a negative  thermal  expansion 
coefficient  at  room  temperature)  in  the  optical  coating  (in  addition  to  its  use  in  the 
intermediate  thermal  layer  discussed  below).  Both  the  HfC^/SiC^  and  MgO/MgF2 
coatings  were  deposited  on  quartz  substrates.  For  the  high-power  application,  a 
substrate  with  a greater  value  of  thermal  conductivity  will  be  required.  An 
eleven-layer  MgO/MgF,,  coating  has  been  deposited  on  a molybdenum  substrate 

g 

that  was  first  coated  with  a thin  layer  (~  100  to  150  nm  thick)  of  aluminum. 

The  first  layer  deposited  on  the  aluminum  was  MgF2  , with  its  thickness  adjusted 
for  maximum  reflectance,  and  the  last  (eleventh)  layer  of  MgF2  > which  was  half- 
wave rather  than  quarter-wave  thick,  was  added  in  order  that  the  MgO  layer  not 
be  exposed  to  the  atmosphere.  In  the  film-pair  notation,  such  as  HfC^/SiC^  , the 
high -index  material  (HfC^)  was  written  first. 

Summary  of  results:  A thumbnail  sketch  of  the  results  is  given  in  Sec.  A , 

and  a more  complete  summary  is  given  here.  Theoretical  expressions  for  the 

temperature  distributions,  for  the  values  of  the  laser  energy  density  It^  at  which 

excessive  optical  distortion  (X/80  surface  distortion)  and  fracture  occur,  and  for 

the  required  values  of  heat-transfer  coefficients  h for  high-power  reflectors  used 

in  single-pulse  and  repeated-pulse  operation  are  derived  and  applied  to  practical 

systems  to  obtain  the  following  results:  The  cardinal  result  is  that  we  found  no 

2 

fundamental  limitation  on  the  operation  of  a model  system  with  lOJ/cm  /pulse, 

100  pulses  per  second,  and  X/80  thermally  induced  surface  distortion  at  X = 250 
to  350 nm,  but  the  technical  problems  arc  difficult. 

Useful  equations  derived  in  this  report  are  collected  in  Sec.  X,  and  the  most 
important  equations  are  denoted  by  underscored  equation  numbers. 
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Possible  solutions.  Five  possible  theoretical  solutions  to  the  high-power 
reflector  problem  in  the  model  system  are  found: 

-3 

(1)  Reduce  the  absorptance  below  the  value  A - 5 x 10  assumed  for  the 
model  system.  If,  say,  A = 5 X 10"^  could  be  attained,  then  the  cooling  require- 
ments would  not  be  so  severe  and  any  one  of  a number  of  coatings  on  molybdenum 
would  have  acceptable  theoretical  performance.  A major  difficulty  is  expected 
to  be  the  solution  of  the  technical  problems  of  depositing  low- absorptance  coatings, 

. ^ ■ — nwA.riiMml.f  1 H f 11  rtf  ,1.  i rt  rt  ^rtKl  rtm  ^irtfrtfnH  flirt 


as  discussed  previously. 


The  expected  severity  of  this  problem  dictated  the 


choice  of  the  rather  large  value  of  absorptance,  A = 5X  10”',  which  corresponds  to 

-1  9 

an  absorption  coefficient  /3p  = 200  cm  , very  roughly.  The  HfC^/SiC^  coating 

has  a measured  reflectance  of  R = 99.5;  thus  the  absorptance  is  at  least  as  low 

-3 

as  5 x 10  (depending  on  scattering  contribution  to  R). 

(2)  Develop  a reflector  using  an  intermediate  layer  of  near-zero  net  thermal 
expansions  (Sec.  III).  An  example  is  a molybdenum  substrate,  followed  by  an 
intermediate  layer  consisting  of  ThF^/metal  pairs,  followed  by  a thin  aluminum 
layer,  and  then  the  optical  coating,  such  as  ~ 10  pairs  of  MgO/MgF2  . The 
ratio  of  the  physical  thickness  of  the  ThF^  layer  to  that  of  the  metal  layer  is 
a mct  (1  + Vmet)/  I «Tj1p4  I ( 1 + FThp4  ) approximately  (with  a slight  deviation  to 
offset  the  small  optical  distortion  of  the  MgO/MgF2  coating).  The  intermediate 
layer  consists  of  a number  of  pairs  (rather  than  one  pair)  in  order  to  maintain 
the  near-zero  single-pulse  optical  distortion  through  the  pulse  duration  t 
(rather  than  at  the  end  of  the  pulse  only).  The  aluminum  layer  isolates  the  inter- 
mediate layer  optically  and  reduces  the  required  number  (to  seven  theoretically) 


of  MgO/MgF2  pairs. 
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(3)  Develop  an  invar-substrate  reflector  with  values  of  the  heat-transfer 

coefficient  h and  face-plate  thickness  approaching  the  state-of-the-art  values 
2 

h = 10  W/cm  K and  = 0.5  nm  (Sec.  II).  Such  a negative-expansion-coefficient 
metal  as  the  cobalt-iron-chromium  alloy  (Sec.  VI)  conceivably  could  be  useful, 
but  more  information  on  such  negative  and  ultralow  expansion  alloys  is  needed. 
Since  invar-substrate  reflectors  are  considerably  better  theoretically  than  those 
with  other  substrate  materials,  and  ultralow  expansion  substrates  are  not  required 
with  invar,  the  feasibility  of  fabricating  invar- substrate  reflectors  with  cooling 
and  initial  figure  approaching  the  state  of  the  art  should  be  determined  early  in  any 
high-power  reflector-development  program. 

(4)  Develop  a coating  with  a net  ultralow  thermal  expansion.  Bulk  fused 

silica  has  an  ultralow  expansion  coefficient  0.  5 x 10  ^ , crystalline  ThF^ 

has  a 5:  -2.5  X 10  °K  , and  it  is  of  great  importance  to  determine  if  HfC^  , 

or  indeed  other  coating  materials,  have  ultralow  expansion  coefficients  in  thin -film 

. 9 

form.  It  is  possible  that  the  HfC^/SiC^  coating  of  Baumeister  and  Arnon  has 
an  ultralow  net  expansion.  The  negative  thermal  expansion  of  ThF^  could  be 
especially  useful  if  the  fracture  threshold  is  not  too  low,  both  as  a coating 
material  and  as  an  intermediate  layer  between  the  coating  and  substrate. 

(5)  An  engineering  solution,  such  as  adaptive  optics  or  a heat-pipe  mirror , 
possibly  could  solve  the  model-system  problem.  Engineering  solutions  are  dis- 
cussed below  and  in  Sec.  VI.  Technical  problems,  in  addition  to  those  of  imple- 
menting one  of  those  solutions,  are  discussed  below. 

Possibility  of  reducing  optical  distortion  to  a negligible  value.  At  the 
beginning  of  the  investigation  it  appeared  that  optical  distortion  was  a much  more 
severe  problem  than  that  of  physical  damage.  There  is  now  the  possibility  that 
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the  optical  distortion  thresholds  can  be  reduced  below  the  damage  thresholds  of 
reflectors,  by  one  of  the  methods  listed  above.  In  addition  to  the  obvious  advantage 
of  being  able  to  operate  at  the  limit  set  by  damage,  the  smoke  tests,  as  carefully 
controlled  damage  thresholds  are  currently  called,  would  become  more  meaning- 
ful since  they  would  correspond  to  the  system  threshold.  Previously,  the  smoke 
tests  were  expected  to  establish  a rather  poor  upper  bound  to  the  threshold  value 

of  It  for  a reflector  since  the  values  of  It  for  optical  distortion  were  believed  to 
P P 

be  lower  than  the  values  for  damage.  There  have  been  no  measurements  of  the 
damage  thresholds  for  10  ^ s pulses  for  any  ultraviolet  wavelength,  but  it  is  antici- 
pated  that  the  damage  threshold  may  be  on  the  range  of  10  to  100  J/cm  , probably 
near  the  lower  values,  at  least  for  early  coatings  (Sec.  III). 

Promising  design.  The  single-pulse  contribution  to  the  optical  distortion 

usually  is  quite  large.  By  using  a tailored-thermal-expansion  intermediate  layer 

of  ThF^/metal  pairs  mentioned  above,  this  single-pulse  contribution  can  be  made 

negligible  with  respect  to  the  contribution  from  the  time-averaged-temperature 

rise.  The  resulting  threshold  (It  ) , which  will  be  called  the  repeated-pulse 

P orS 

2 

substrate-limited  threshold,  is  (It  ) =19.  9 J/cm  for  molybdenum  and 

P orS 

(It  ) = 99.3  J/cm2  for  invar,  both  for  h = 10  W/cm2  K,  and  lc  = 0.5  mm. 

P orS  ^ 

2 

If  the  damage  thresholds  are  near  10  J/cm  as  expected,  the  overall  threshold 
will  be  determined  by  damage  rather  than  by  optical  distortion.  In  this  case,  the 
value  of  h/£g  could  be  reduced  by  a factor  of  two  for  molybdenum  or  by  a factor 
of  9.  3 for  invar.  The  concrete  example  of  a 2 x 7 MgO/Mgl^:  Al:  ThF^/Ag:  Mo 
reflector  is  considered  in  Sec.  III.  It  is  emphasized  that  the  intermediate-thermal- 
layer  design  cannot  compensate  for  the  single-pulse  optical  distortion  for  pulse 
durations  considerably  shorter  than  a microsecond  (such  as  picosecond  or 
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nanosecond  pulses)  since  the  energy  absorbed  in  the  optical  coatings  does  not  have 
time  to  diffuse  into  the  intermediate  thermal  layer  during  the  pulse. 


Possible  explanation  of  single-pulse  damage.  There  is  growing  concern  that 

the  macroscopic  inclusion  explanation  of  laser  damage  may  be  inadequate  in  many 

12  13 

cases.  ’ It  is  proposed  that  clusters  of  microscopic  imperfections  could  explain 
the  isolated  damage  sites  that  are  observed  almost  universally,  even  when  careful 
searches  disclose  no  macroscopic  imperfections.  A preliminary  investigation  indi- 
cates that  the  results  of  the  microscopic -cluster  model  agree  well  with  experimental 
observations  including  the  approximate  magnitude  of  the  damage  energy  densities 
It  . An  important  feature  of  the  explanation  is  that  it  now  may  be  possible  to 
increase  the  damage  threshold  by,  say,  the  same  ultraclean  deposition  techniques 
that  were  previously  suggested^’  ^ for  reducing  the  absorptance  of  coatings. 


Calculated  failure  thresholds:  For  a heat-transfer  coefficient  less  than  or 

2 

equal  to  the  state-of-the-art  value  h = 10  W/cm  K,  the  coatings  considered  fail 
by  optical  distortion,  rather  than  by  melting  or  fracture,  in  repeated-pulse  opera- 
tion. A possible  exception  is  that  ThF^  , being  in  tension  for  single-pulse  heating 
as  a result  of  its  negative  expansion  coefficient,  conceivably  could  fail  by  fracture 


(Sec.  III).  The  greatest  practical  repeated -pulse  theoretical  failure  threshold 
calculated  is 

(It  ) = 93  J/cm'Vpulse, 

P or 

for  2x7  MgO/MgF2:  Al:  ThF  /Mo:  invar 

and  other  key  values  are 

(It  ) = 29.  0 J/cm'Vpulse, 

P or 

for  HfC^/SiC^:  invar. 

(It)  = 15.  1 J/cm2/pulse, 
P or 

for  ThF4/Si02:Mo, 
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(It  ) = 6. 33  J/cm '/pulse,  for  MgO/MgF0:  Mo  . 

P or  1 


Figures  of  merit  and  material-selection  guidelines.  There  are  no  general 


figures  of  merit  to  determine  if  a substrate  material  or  a coating  material  will  be 


acceptable,  other  than  to  calculate  the  thresholds  and  temperatures  as  outlined 


herein.  However,  for  the  specific  case  of  repeated-pulse/substrate-limited  distor- 


tion attained  by  using  the  intermediate-thermal  layer,  (5. 17a)  gives  (with  "a"  a 


constant  of  order  unity) 


(IV  ~ «s(l  + *s)  (Ks‘  + T^S)  * 


Thus,  for  poor  cooling,  that  is  h « hg  s 3 K^/a^g  , a good  figure  of  merit  is 
l/ofg(l+  fg);  while  for  good  cooling,  that  is  h » hg  , a good  figure  of  merit  is 
Kg/o'g(l+  ^g) . The  single  most  important  material  parameter  for  substrates  in 
general  is  the  thermal  expansion  coefficient,  small  values  of  ttg  being  desirable. 


For  a well  designed  high-power  coating,  the  heat  capacity  of  the  substrate  will  not 


be  very  important  (in  currently  envisioned  reflector  designs)  since  the  single-pulse 


temperature  rise  will  occur  in  the  intermediate  layer  or  the  optical  coating.  Thus 


..  1 « 


Bennett's  figure  of  merit,  Cg/ag  > which  was  derived  for  single-pulse  optical 


distortion  of  an  uncoated  substrate,  is  no  longer  appropriate.  The  value  of  the 


single-pulse  optical  distortion  threshold  (It  ) for  the  uncoated  metal  need  not 

P op 

2 

be  greater  than  the  required  value  of  (It  ) (10  J/cm  in  the  examples)  since  the 

P op 


threshold  for  the  coated  reflector  can  be  greater  than  for  the  uncoated  one.  An 


example  is  IIf00/SiO„  on  molybdenum,  for  which  (It  ) = 29.2  J/crn  for  un- 

z z p op 

. 1 1 / t . V nn  r*  t / 2 1*  i i./^  ir*  ■ , n-  . t 


coated  molybdenum  and  (It  ) = 77.  5 J/cm  for  HfCL/SiO  • Mo.  Since  the  great 

P op  z z 

intrinsic  absorptancc  of  metals  dictates  the  use  of  dielectric  coatings  and  a thin 


ud 


Sec.  B-I 


intermediate  layer  of  aluminum  can  often  be  used  to  reduce  the  required  number 
of  layers  in  the  optical  coating,  the  absorptance  of  the  substrate  materials  is 
relatively  less  important  than  a and  K . 

For  coating  materials,  one  of  the  most  important  parameters  is  the  absorption 
coefficient  $ . Unfortunately,  values  of  /3  are  not  available,  and  reliable  estimates 
cannot  be  made  at  present.  Thus,  the  value  of  /3  cannot  be  used  in  selecting  mate- 
rials for  laboratory  tests.  Any  new  developments  that  suggest  that  a pair  of 
materials  could  form  a low-absorptance  coating  would  make  this  pair  a prime 
candidate.  For  coatings  to  be  used  with  the  thermal  compensation  intermediate 
layer,  the  choice  of  the  coating  materials  can  be  made  from  the  technical  consider- 
ations of  the  particular  application  since  the  thresholds  are  repeated-pulse, 
substrate-limited  (independent  of  the  coating,  except  for  /?).  Nevertheless,  the 
following  figure  of  merit  can  be  used  in  the  absence  of  deciding  technical  factors. 

In  order  to  ensure  that  the  coating  contribution  to  the  optical  distortion  is  small, 
the  most  important  properties  of  the  coatings  are  low  values  of  /3,  high  values  of 
thermal  conductivity,  low  thermal  expansion,  low  values  of  heat  capacity,  and 
great  values  of  the  difference  in  the  indices  of  refraction  of  the  coating  materials 
(great  npj/nj_)*  An  appropriate  figure  of  merit  is  then 

0 K £n(nH/nL) 

a ( l + v) 

The  importance  of  an  ultralow  expansion  coating,  possibly  using  SiO^  (a=  0.  5x  10  K~* 

for  fused  silica)  and/or  ThF4  (a  = -1.  4 x 10"6  K_1  average  for  25  to  300  K ) is  dis- 
cussed above  and  in  Sec.  III.  The  absorption  edge  of  a coating  material  need  not  be 
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sufficiently  great  to  prevent  two-photon  absorption  (for  t = 10  ^s),  in  contrast 
to  window  materials,  for  which  two-photon  absorption  must  be  avoided. 


Candidate  substrate  materials.  Invar  and  molybdenum  are  the  two  leading 
substrate- material  candidates.  The  use  of  a very  thin  aluminum  layer  between 
the  substrate  and  the  cooling  is  discussed  below.  Copper,  silver,  gold,  and 
aluminum  substrates,  with  any  of  the  three  coatings,  have  optical -distortion 
thresholds  that  are  too  low  for  the  model  system  considered.  Theoretically, 
invar  is  considerably  better  than  molybdenum,  and  silicon  carbide  is  slightly 
better  than  molybdenum.  The  anticipated  difficulties  fabricating  a silicon-carbide 
face  plate  and  support/cooling  structure  render  silicon  carbide  a poorer  candidate 
than  invar.  Furthermore,  a successful  invar-substrate  reflector  would  solve  the 
reflector  problem  for  the  model  system,  while  a successful  silicon-carbide- 
substrate  reflector  alone  would  not. 


Candidate  coating  materials,  including  tetrahedral  carbon,  SiO.,  , and  ThF^  . 
The  most  promising  current  design  found  for  high-power  ref'ectors  is  the  inter- 
mediate-thermal-layer design.  The  parameters  of  optical  coating  used  with  this 
design  are  not  critical,  and  the  choice  of  the  coating  materials  may  well  lie  dictated 
by  technical  considerations  in  the  particular  application,  as  discussed  above.  Thus, 
it  is  difficult  to  suggest  the  best  candidate  coating  materials  for  laboratory  study. 

The  desirable  properties  of  coating  materials  are  listed  above  in  the  paragraph  on 

14 

figures  of  merit.  There  are  a number  of  reviews  that  list  coating  materials, 
and  several  coating  materials  for  250  and  350 nm  use  are  listed  in  Table  III. 

One  exciting  new  development  is  the  growth  of  tetrahedral  carbon  films  (the 
so-called  diamond  films)  with  thicknesses  up  to  several  microns.1^  If  these  films 
could  be  successfully  deposited  as  one  component  of  a multilayer  coating  stack. 
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it  is  likely  that  the  coating  would  be  superior  to  presently  known  coatings. 
Tetrahedral  carbon/SiC>2  and  tetrahedral  carbon/ThF4  are  examples.  The  expansion 
coefficient  may  be  quite  low,  and  the  band  gap  may  be  similar  to  that  of  diamond, 

Eg  - 6 eV.  The  index  of  refraction  is15  2.0,  and  the  hardness  should  far  exceed 
that  of  other  coating  materials. 

Thorium  tetrafluoride,  with  its  negative  expansion  coefficient,  and  silicon 
dioxide,  with  its  ultralow  expansion  coefficient,  should  be  included  in  the  candidate 
materials.  Most  of  the  high  index  materials  are  oxides,  with  the  exception  of 
tetrahedral  carbon  and  such  heavy  fluorides  as  PbF2  , LaF^  , and  CeF.} . Mag- 
nesium oxide  and  magnesium  fluoride  should  be  considered  since  successful  coat- 
ings have  been  used  at  250  nm.  Another  possible  combination  is  ThCL/ThF.  . 

Measurements  of  the  expansion  coefficient  of  materials  in  thin -film  form 
are  needed  in  order  to  make  the  best  choice  of  candidate  coating  materials.  These 
measurements  will  be  especially  important  if  the  intermediate-thermal-layer 
design  is  not  successful  and  for  picosecond  and  nanosecond  pulse  durations  (for 
which  the  design  is  not  effective). 

Ultralow  and  negative  thermal  expansion  coatings.  Crystalline  thorium 
tetrafluoride  has  a small,  negative  expansion  coefficient  a for  20  C to  ~300  C 
and  a small  positive  ct  for  ~300  to  600  C,  the  value  at  room  temperature  being 
-2.5  x 10  6 K 1 , and  the  net  expansion  from  25  C to  600  C being  zero.  The  neg- 
ative expansion  coefficient  from  20  to  300  C affords  the  possibility  of  constructing 
a reflector  with  nearly  zero  optical  distortion.  The  superiority  of  the  ThI-'4/SiO,, 

coating  mentioned  above  is  a result  of  the  small  negative  value  of  a for  ThF. 

4 

and  the  ultralow  (positive)  value  of  a = 0.5  x 10 K1  for  Si02  . 
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The  negative  thermal  expansion  coefficient  of  ThF^  , and  possibly  of  a 
metallic  alloy,  afford  the  possibility  of  using  intermediate  layers  between  the 
coating  and  the  substrate  to  give  a very  small  net  thermal  expansion  in  some 
cases,  as  mentioned  above. 

Thin  intermediate  layers  have  three  possible  uses.  Adding  a very  thin 
(~10  nm)  layer  of  aluminum  between  the  substrate  and  coating  should  be  useful 
in  reducing  the  number  of  coating  layers  in  some  cases.  Using  an  intermediate 
layer  containing  ThF^  to  partially  compensate  for  the  optical  distortion  of  the  other 
positive-expansion  materials  is  a promising  approach,  as  discussed  above. 

Finally,  adding  a thin  (~  micrometer  thick)  molybdenum  or  silicon-carbide  layer 
between  an  invar  substrate  and  the  coating  results  in  poorer  repeated-pulse  per- 
formance of  the  reflector,  even  though  the  single-pulse  surface  temperature  is 
reduced  slightly  as  a result  of  the  greater  thermal  conductivity  because  the  energy 
density  is  limited  by  optical  distortion  rather  than  by  fracture. 

Greater  strength  of  films.  The  estimated  fracture  thresholds  listed  in  Table  II 
probably  are  lower  bounds,  since  it  appears  that  the  strengths  of  materials  in  thq 

u i n 

form  of  deposited  thin  films  may  be  greater  than  in  crystalline  bulk  form  (Sec.  III). 
(However,  the  estimates  conceivably  could  be  too  low,  as  a result  of  such  effects  as 
weak  bonding  between  layers. ) Furthermore,  the  accuracies  of  the  estimated  values 
are  necessarily  low  as  a result  of  the  lack  of  reliable  values  of  and  understanding  of 
the  residual  stresses  and  the  difference  between  the  thin-film  and  bulk  values  of 
other  material  parameters.  The  best  current  estimate  is  that  the  failure  thresholds 
are  likely  to  be  determined  by  optical  distortion  and  that  the  damage  thresholds  are 
likely  to  be  determined  by  melting,  with  the  possible  exception  of  ThF . , which 
could  fracture  before  melting.  The  greater  strength  will  be  more  important  to 
ThF^  coatings,  since  these  possibly  could  fail  by  fracture  otherwise. 
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Measurements  of  a are  needed.  Measurements  of  the  thermal  expansion 
coefficients  a of  coating  materials  in  deposited  thin -film  form  are  needed  early 
in  any  developmental  program;  otherwise,  the  selection  of  the  best  candidate 
coatings  to  study  experimentally  will  have  to  be  made  without  having  access  to 
one  of  the  most  important  parameters  that  affects  the  selection.  The  values  of 
a,  which  are  much  more  important  in  high -power  applications  than  in  the  pre- 
viously considered  (low-power)  applications,  may  be  considerably  different  for 
some  materials  in  deposited -film  form  than  in  bulk  form.  It  is  especially  impor- 
tant to  verify  the  negative  value  of  a for  deposited  films  of  ThF^  , to  determine 
if  deposited  films  of  HfC^  have  ultralow  expansion,  and  to  determine  which 
deposited-film  materials  have  the  lowest  values  of  a . 

Coating  and  reflector  absorptance.  In  comparing  coating,  it  is  necessarily 

assumed  that  all  coatings  have  the  same  absorptance  since  experimental  values  of 
absorptance  are  not  available  and  surely  will  be  determined  by  extrinsic  processes. 
The  resulting  selection  of  candidate  coatings  for  experimental  programs  is  quite 
reasonable  (Sec.  III).  Nevertheless,  the  absorptance  probably  is  the  single  most 
important  parameter  of  a coating,  and  it  is  possible  that  a given  type  of  coating 
could  perform  either  better  or  worse  than  predicted  as  a result  of  low  or  high 
absorptance,  which  cannot  be  predicted  at  present. 

Three  contributions  to  the  absorptance  of  a reflector  are  absorption  in  the 

in  the  coating,  absorption  in  the  substrate,  and  subsequent  absorption  of  scat- 

18  19 

tered  light  (possibly  enhanced  by  entrapment  ' ).  The  Kopplemann  result  for 
the  absorptance  in  a thick  coating 
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is  explained  physically  in  terms  of  an  effective  penetration  of  the  irradiance  to  a 
2 2 

depth  of  X/2  (n,  - n“),  which  corresponds  roughly  to  a reduction  in  irradiance 

ri  L-j 

2 

by  a factor  of  (n^/n^)  for  each  pair  of  layers.  This  penetration  depth  is  quite 
similar  to  that  used  below  to  explain  the  phase  change  on  reflectance. 

The  theoretical  expression  for  the  coating  absorptance  suggests  that  the 

extinction  coefficient  (absorption  coefficient  j3  plus  scattering  coefficient)  of  the 

- 1 -4 

HfC^/SiC^  coating  is  340  cm  , which  is  a reasonable  value.  A value  of  A = 10 

could  be  attained  for  ilfO^/SiC^:  Mo  with  30  layers  (15  pairs)  if  the  absorption 
coefficient  can  be  reduced  to  = 7 cm  * (with  j3  adjusted  to  include  the  absorp- 
tion of  scattered  radiation).  This  value  of  /S  = 7 cm  * appears  to  be  reasonable, 
but  the  ultraclean  deposition  procedures  discussed  previously^’  ^ are  expected 
to  be  required.  Smaller  values  of  are  required  for  smaller  values  of  n^/n^ 
since  the  penetration  depth  is  greater. 

Damage  thresholds.  Currently  available  coatings  possibly  will  withstand 

2 

single  pulses  with  10  J/cm  , 354  nm,  and  1 u s without  damage  such  as  melting 
or  fracture  (Sec.  III).  If  the  coatings  withstand  single  pulses,  they  are  expected 
to  withstand  the  continuously  repeated  pulses  without  melting  or  fracturing.  This 
is  an  important  result  since  the  previously  measured  (single-pulse)  damage  thresh- 
olds can  be  used,  and  future  damage  measurements  will  not  require  the  large 
laser  systems  necessary  for  repeated -pulse  measurements  once  the  insensitivity 
to  repeated  pulses  is  verified.  In  contrast  to  this  damage  result,  optical  distor- 
tion will  be  much  more  severe  in  repeated-pulse  operation  than  in  single-pulse 
operation  unless  one  of  the  approaches  discussed  above  is  successful. 


: 
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Damage  threshold  measurements  are  needed  to  verify  the  no-damage  prediction 

for  all  coatings,  especially  those  containing  ThF^  . It  should  be  emphasized  that 

the  damage  measurement  will  not  give  information  on  the  performance  thresholds 

(which  are  determined  by  optical  distortion).  Two-photon  absorption  is  shown  to 

2 

be  the  most  likely  explanation  of  the  damage  thresholds  of  ~3  J/cm  at  17  ps 

2 ?n 

(I  = 159  GW/cm  ) of  ZrC>2  , HfC^  > SiC^  observed  by  Newnam  and  Gill,  but 

is  shown  to  be  negligible  for  coatings  at  microsecond-duration  pulses. 

Optical  distortion  and  absorption  change  from  r.  For  a coating  with  a great 


number  of  layers  N,  the  optical  distortion  resulting  from  thermally  induced 
change  in  the  total  reflection  coefficient  r of  the  coating  is  often  negligible  with 
respect  to  the  optical  distortion  resulting  from  the  thermally  induced  displace- 
ment of  the  front  surface  of  the  coating  for  the  cases  considered  here.  However, 
the  r contribution  can  be  non-negligible,  especially  for  thermally  thick  coatings 

and  for  | a | « | n * dn/dT  | . The  contributions  of  the  thermally  induced  shift 

2 

in  the  phase  0 of  r to  the  optical  distortion  are  (It  ) = -114  J/cm  for  the 

r P 0r 

MgO/MgF,,  coating  and  (It  ) = -65  J/cm^  for  the  HfO„/SiO0  coating  (Sec.  VIII). 

z P 0r  i l 

The  negative  signs  are  formal  reminders  that  the  optical  phase  distortion  has  the 
opposite  sign  of,  and  tends  to  cancel,  the  surface-displacement  contribution. 

The  effect  of  the  increase  in  absorptance  (decrease  in  the  reflectance 

i 1 2 

R = | r | ) is  negligible,  being  a higher  order  effect  than  optical  distortion,  which 
is  determined  by  the  phase  of  r (Sec.  VIII).  The  reason  for  the  relatively  small 
effect  of  the  phase  0r  is  explained  in  terms  of  a penetration  depth  for  irradiance, 
which  is  considerably  smaller  than  the  coating  thickness  in  low-absorptance  high- 
power  reflectors.  Thus,  the  phase  change  of  r,  resulting  from  the  expansion 
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and  index  change  of  the  first  few  layers  (within  the  penetration  depth)  can  be  small 

with  respect  to  the  total  phase  change,  which  includes  the  expansion  of  the  whole 

coating  and  the  substrate.  The  penetration  depth  for  the  phase  change  is  similar 

in  both  magnitude  and  physical  meaning  to  the  penetration  depth  used  above  for 

explaining  coating  absorptance  and  to  a penetration  depth  that  explains  the  substrate 

2 

absorptance  and  is  consistent  with  a reduction  in  irradiance  by  a factor  of  (n^/n^)  , 
roughly,  for  each  pair  of  layers.  Thus,  the  notion  of  a depth  of  penetration  of  the 
irradiance  into  the  coating  is  useful  and  physically  plausible. 


Cooling.  The  state  of  the  art  in  water-cooled  metallic  reflectors  is  a value  of 

2 

heat-transfer  coefficient  h ^ 10  W/cm  with  Av/40  = 16  nm  surface  distortion 
(where  Ay  = 632.8  nm)  for  20  mill  (0.51  mm)-thick  molybdenum  face  plates. 

Other  significant  values  of  h are  discussed  in  Sec.  VI.  Cooling  is  not  effective 
for  single-pulses  of  duration  t = 10  ^s  since  the  heat  does  not  have  time  to  dif- 
fuse through  the  substrate  in  such  a short  time.  By  contrast,  for  repeated-pulse 
operation,  the  performance  of  high-power  reflectors  is  limited  by  the  amount  of 
cooling  thatcan  be  attained.  There  is  a limiting  value  h = 3 K„  /a  £ of  the  heat- 
transfer  coefficient  such  that  when  h » h is  satisfied,  there  is  little  further 
decrease  in  the  substrate  temperature  for  further  increases  in  h.  The  tempera- 
ture is  then  controlled  by  the  heat  diffusion  across  the  substrate  rather  titan  the 
transfer  of  heat  into  the  coolant.  Currently  envisioned  systems  are  far  from  this 
limit.  For  example,  for  K,.  = 2 W/cm  K , a = 1 , and  = 0. 1 cm,  the  value  of 
hc  = 60  W/cm2  K is  considerably  greater  than  even  the  state-of-the-art  value  of 
h = 10  W/cm2  K . 
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Engineering  solutions.  An  adaptive-  or  a corrective-optical  system  would 

have  to  correct  for  a surface  distortion  of  64  ( X/80)  if  h = 1 W/cm“  K,  or 

6.4  ( X/80)  if  h = 10  W/cm^  K.  These  values  are  for  a molybdenum  substrate 

with  = 1 mm  (and  are  essentially  independent  of  the  coating)  at  354  nm.  If 

2 

the  state-of-the-art  cooling  (h  =10W/cm  K and  L = 0.5  mm)  can  be  attained 
and  if  optical  distortion  of  the  first  pulse  or  so  (as  discussed  in  Sec.  VI)  can  be 
tolerated,  then  fixed  (nonadaptive)  corrective  optics  can  be  used.  For  less  cool- 
ing, a greater  number  of  the  initial  pulses  will  be  optically  distorted. 

For  a thick  (~  2 cm)  uncooled  invar  substrate  operated  at  100  Hz  for  60  s 
the  value  of  the  surface  distortion  that  must  be  corrected  by  the  adaptive  optics  is 
50  ( X/80) , which  is  roughly  the  same  magnitude  required  for  the  best  windows, 
and  the  required  time  constant  is  of  course  ~ 60  s.  For  comparison  with  a cooled 

. I 

substrate,  note  that  tins  value  of  50  (X/80)  would  also  be  required  for  a 1 mm -thick 

2 

molybdenum  substrate  with  h = 1.3W/cm  K.  The  simplicity  of  the  uncooled  sub- 
strate may  dictate  its  use  in  preference  to  cooled  substrates  in  systems  in  which 
adaptive  optics  are  used.  A heat -pipe  mirror,  possibly  used  in  conjunction  with 
adaptive  optics,  is  another  possible  engineering  solution. 


Optimum  number  of  coatir 


s.  Coatings  used  witli  an  intermediate 


thermal  layer  should  have  the  minimum  number  of  layers  consistent  with  the 

9 

optical  design.  Baumeister  and  Arnon  increased  the  number  of  layers  until 
there  was  relatively  little  further  increase  in  reflectance.  When  calorimetric 
measurements  become  available,  it  will  often  be  more  appropriate  to  increase 
the  number  of  layers  until  there  is  little  additional  decrease  in  the  absorptance 
since  the  absorptance  leads  to  the  troublesome  heating  and  both  absorption  and 
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scattering  give  rise  to  a decrease  in  the  reflectivity.  For  only  a few  layers,  the 
absorption  in  the  substrate  will  be  great,  and  as  the  number  of  layers  increases, 
the  absorption  in  the  coating  material  increases  until  the  coating  is  several  pene- 
tration depths  thick,  at  which  point  there  is  essentially  no  further  increase  in  the 
absorptance  by  the  coating  materials.  In  a typical  case,  the  absorption  from  the 
substrate  will  still  dominate  at  this  point,  and  the  number  of  layers  is  then 
increased  until  there  is  little  further  decrease  in  the  absorptance  (when  the  sub- 
strate contribution  becomes  negligible  with  respect  to  the  contribution  from  the 
coating  materials).  In  contrast  to  this  absorptance-dominated  case,  it  is  possible 
that  in  some  systems  the  scattering  could  become  intolerably  great  before  the 
absorptance  begins  to  level  off.  Thus,  the  tolerable  level  of  scattering 
conceivably  could  determine  the  thickness  of  some  reflectors. 

The  optimum  number  of  layers  can  be  quite  different  for  reflectors  without 
the  intermediate  thermal  layer.  For  a low-expansion  coating  on  such  normal- 
expansion  substrates  as  molybdenum,  the  optical  distortion  threshold  can  some- 
times be  increased  in  principle  by  depositing  more  layers  than  are  required 
optically.  The  number  of  layers  can  be  increased  to  make  the  coating  thickness 
approximately  equal  to  the  thermal  diffusion  distance  in  the  coating  during  the 
pulse,  thereby  eliminating  the  great  single-pulse  contribution  to  the  optical 
distortion  from  the  substrate. 

Protective  coatings  for  use  in  such  hostile  environments  as  laser  cavities 
containing  fluorine,  or  in  moist  atmospheres,  maybe  required  in  some  application 
The  tetrahedral-carbon  films  discussed  above  have  remained  intact  when  metallic 
substrates  were  completely  etched  away.  ^ They  possibly  may  provide  the 
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ultimate  protection  of  the  underlying  coating  or  substrate.  Paraffin  oil  provides 
protection  and  index  matching  to  reduce  scattering,  and  is  transparent  well  into 
the  ultraviolet  region.  ^a’  ^ Polymer  coatings,  which  have  received  attention 

for  a number  of  years,  were  reviewed  in  the  previous  two  Technical  Reports 
(30  June  1976  and  31  December  1975). 

Stringent  optical  tolerance.  The  severity  of  the  system  requirements  is 
illustrated  by  the  small  magnitude  of  X/80  = 3.  1 nm  (31  A ) at  X = 250  nm  for  the 
thermally  induced  surface  distortion.  For  comparison,  small-diameter  laser 
mirrors  are  routinely  figured  to  Xy/100  = 6.33  nm1’,  which  corresponds  to 
X/40  at  250  nm.  There  is  a difficulty  in  measuring  optical  figures  of  such  high 
perfection^.  Optical  figures  of  Xy/40  = 15.8  nm  are  more  readily  obtainable  on 
large  optics^1.  Six -inch -diameter  quartz  flats  good  to  Xy/40  are  commercially 
available  for  approximately  $1,800  apiece^. 

Miscellaneous.  It  is  emphasized  that  the  results  herein  are  for  the  particular 

system  discussed  above,  which  includes  t = 10  ^ s,  X = 250  to  354  nm, 

2 

Itp  = 10  J/cm  /pulse,  pulse-repetition  rate  = 100  pps,  and  thermally  induced 
surface  distortion  = X/80.  Changing  the  parameters,  such  as  changing  the  pulse 
duration  to  a few  picoseconds,  may  drastically  change  the  results,  as  illustrated 
in  Sec.  III. 

Neither  the  value  of  It  nor  the  value  of  I at  which  system  failure  occurs 

P 

is  very  useful  when  quoted  alone,  which  does  not  seem  to  be  appreciated  in  the 

2 

literature.  A damage  threshold  of  10  J/cm  may  be  quite  high  for  a picosecond 
pulse,  but  quite  low  for  a one-second  pulse. 
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The  generally  difficult  problems  of  calculating  the  temperature  distribution 
and  stresses  in  layered  structures  with  both  radial  and  axial  variation  of  tempera- 
ture were  solved  with  sufficient  accuracy  to  be  compatible  with  the  assumptions, 
the  accuracy  with  which  the  parameters  are  known,  etc. 

The  windows  present  an  even  more  difficult  problem  than  do  the  reflectors"1, 
and  reflectors  are  expected  to  handle  greater  power  than  can  windows.  The 
absorptance  of  antireflection  coatings  for  windows  need  not  be  as  great  as  that  of 
the  reflector  coatings  since  the  absorptance  of  the  window  material  already  is 
great.  The  failure  thresholds  for  reflectors  are  fundamentally  different  for 
single-pulse  and  repeated-pulse  operation  and  for  thermally  thin  and  thermally 
thick  coatings.  For  single-pulse  irradiation  of  thermally  thick  coatings, 
ip  » 4ptp,  where  ip  is  the  coating  thickness  and  ip  is  the  thermal  diffusion 
distance  in  the  coating  in  time  t , the  failure  thresholds  are  independent  of  the 
substrate,  depending  only  on  the  properties  of  the  coatings.  For  thermally  thick 
coatings  and  repeated  pulses,  the  thresholds  depend  on  both  the  coating  and  sub- 
strate. For  thermally  thin  coatings,  ip  « ip  , under  single- or  repeated- 
pulse  operation,  the  failure  thresholds  depend  on  both  the  coating  and  substrate 
except  in  the  case  of  ip  « ip  extremely  well  satisfied,  which  does  not  occur 
in  coatings  considered  to  date.  The  three  coatings  considered  here  are  ther- 
mally thin,  but  are  well  away  from  the  extreme  thin  limit. 


Finally,  it  is  mentioned  that  the  absorptance  of  reflectors  consisting  of 
alternate  layers  of  dielectric  and  ultrathin  transmitting  metallic  layers  is  too 
great  for  high -power  use. 


JT- 


? 


Sec.  B-II 


II.  UNCOATED  METALLIC  REFLECTORS 

Background.  Multilayer  dielectric  reflectors  will  be  required  for  high-power 
354  nm  and  250  nm  systems  since  there  are  no  low-absorptance  metals  at  these 
wavelengths.  Sodium  has  the  lowest  absorptance,  A 2?  0.06,  at  354  nm  of  the 
metals  listed  in  the  third  edition  of  the  American  Institue  of  Physics  Handbook. 

(The  value  for  lithium  is  not  listed. ) Of  the  metals  A1 , Ag,  Au,  and  Cu , the  low- 
est absorptance  for  \<  385  nm  is  that  of  aluminum,  for  which  A =0.  08  on  the 
range  124  nm  ^ A 500  nm,  and  the  lowest  absorptance  for  \>  385  nm  is  that  of 
silver,  with  A decreasing  from  0.07  at  385  nm  = 0.385  nm  to  A =0.008  at  12  4m. 
The  354-nm  values  for  silver  and  copper  are  A 2?  0.2  and  ~0.6,  respectively. 
Figure  2 shows  the  values  of  absorptance  of  A1 , Ag,  Au , Cu,  and  Na  for 
A = 12  11m  through  the  vacuum-ultraviolet  range,  plotted  from  the  values  in  the 
American  Institute  of  Physics  Handbook. 

It  might  appear  at  first  that  the  best  reflector  design  would  be  a substrate  of 
aluminum,  having  the  lowest  value  of  absorptance,  with  a reflection-enhancing 
coating  to  reduce  the  absorptance  from  0.  08  to  an  acceptably  low  value.  However, 
it  will  be  shown  below  that  aluminum  (and  also  silver  and  copper)  are  unacceptable 
as  substrate  materials,  the  thermally  induced  optical  distortion  being  too  great  as 
a result  of  the  great  thermal  expansion  coefficient.  A thin  aluminum  layer, 

~ 100  - 150  nm  thick,  has  been  deposited  on  a molybdem  substrate,  with  the  coating 

g 

(MgO/MgF2)  deposited  on  the  aluminum.  Thus  the  advantage  of  reducing  the 
required  number  of  coating  layers  is  gained  without  suffering  the  disadvantage  of 
an  aluminum  substrate.  Theoretically,  the  aluminum  layer  could  be  much 
thinner,  since  only  approximately  two  skin  depths  arc  needed.  Bennett  and 
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co-workers^1  pointed  out  that  there  could  be  difficulties  with  recrystallization  of 
the  aluminum  layer  if  high  temperatures  were  required  in  the  coating  fabricating 
process.  For  example,  IlflT,  coatings  baked  at  400C  for  four  hours  showed  an 
increase  in  packing  density. 

The  problems  of  the  substrates  and  the  coatings  cannot  be  considered 
separately  in  general.  For  the  case  of  uncoated  metallic  mirrors  or  the  limit 
of  extreme  thermally  thin  coating,  as  discussed  in  Secs.  II  and  V,  the  optical 
distortion  is  determined  by  the  substrate.  Even  though  this  substrate  model  of 
the  reflector  is  not  valid  for  the  model  system  described  in  Sec.  I,  the  results 
are  of  interest  in  other  systems,  such  as  those  in  which  dielectric  reflectors 
cannot  be  used,  and  in  establishing  bounds  from  which  performance  limits  can 
be  estimated  simply. 

Bennett1  has  considered  the  single-pulse  thermally  induced  optical  distortion 
of  uncoatcd  metallic  reflectors.  It  will  be  shown  that  the  results  for  dielectric- 
coated  substrates  are  quite  different  in  general  from  the  results  for  uncoated 

metals,  even  when  the  values  of  absorptance  are  formally  set  equal  for  the  coated  < 

and  uncoated  cases.  For  the  repeated-pulse  system,  the  reflector  must  satisfy 
two  conditions  related  to  heat  accumulation  during  successive  pulses  in  addition 
to  the  single-pulse  requirements,  roughly  speaking,  as  will  be  shown. 

Single-pulse  temperature.  The  skin  depth  for  the  absorption  of  the  laser 
radiation  in  metals  is  negligibly  small.  Thus  an  accurate  approximation  to  the 
temperature  is  attained  by  replacing  the  absorption  source  term  in  the  heat-flow 
equation  by  the  boundary  condition  of  constant  heat  flow  I A at  the  surface  of  the 
mirror  at  z = 0 during  the  pulse,  where  I is  the  incident  irradiancc  and  A is 
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the  absorptance  of  the  mirror.  The  resulting  temperature  distribution  is 

22  23  24 

well  known,"  ’ the  surface  temperature  being‘s 

Tp0  = 2 ItpA(l/fftpCsKs)1/2  = 56.4  (CSKS)' 1/2  = [29.5K]  (2.1) 

at  the  end  of  a single  pulse  of  duration  tp. 

During  the  pulse,  the  heat  diffuses  a distance 

'stp  = <4KsVCS>I/2  = tM.6(lra]  . 

roughly  speaking.  For  any  reasonable  mirror  thickness,  such  as  2^  = 0. 1 cm 
in  the  example  considered,  £,,  « 1$  is  well  satisfied.  Thus  cooling  the  rear 
surface  of  the  mirror  is  not  effective  in  reducing  the  value  of  Tp  during  the 
pulse. 

A word  about  thermal-diffusion  distances  is  in  order.  By  writing  the 
sourceless  heat-flow  equation 

-K32  T/dz2  + C9T/dt  = 0 

in  dimensionless  form,  it  is  seen  that  the  time  T required  for  heat  to  diffuse 
a distance  i is  of  the  order  of 


T = const.  Cl  /K  . (2.: 

In  various  particular  cases,  the  appropriate  value  of  the  constant  can  have  such 
values  of  1/4,  4/ 77,  etc.,  depending  on  the  geometry  (linear,  cylindrical,  or 
spherical  heat  flow,  for  example)  and  the  use  to  which  (2.2)  is  put.  For  one- 
dimensional heat  flow,  the  time  r required  for  heat  to  diffuse  a distance  l is 
given  by  (2.  2)  with  the  constant  equal  to  1/4,  while  the  surface  temperature  of 
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a semi -infinite  sample  with  heat  flow  It^A  at  the  surface  is  given  by  (2.  1),  which 
is  equivalent  to  the  thin-platc  result 


T = ItA/Ciz=0 


if 


t = 4C(£z=0)  /trK  , 


that  is,  if  const.  = 4/tt  in  (2.2). 

_o 

Repeated -pulse  temperature  distribution.  During  the  time  t.  = 10  s 

between  pulses,  the  thermal  diffusion  distance  is  A.  = (4K-  10'^  s/CL)1/^  = 0.  15  cm 

tip  S S 

(in  molybdenum)  and  the  surface  temperature  returns  almost  to  its  prepulse  value 

,1/2  -2 

(T  2;  (tp/ t.p)  T o - *0  T q).  After  many  pulses,  in  addition  to  the  single- 
pulse temperature  distribution,  there  is  a quasi -steady- state  temperature 
distribution  JASr  + Tg^  , where  Tg^  is  the  temperature  difference  between 
the  coolant  and  the  back  surface  of  the  substrate  and  T.  gr  is  the  temperature 
drop  across  the  substrate  at  the  beginning  of  pulse,  as  discussed  below.  Quasi 
denotes  that  there  are  very  small  fluctuations  in  the  value  of  T.  gr  + Tg^  since 
the  heat  is  added  in  pulses  rather  than  continuously. 

The  value  of  Tg^  is,  by  definition  of  the  heat-transfer  coefficient  h, 

TgC  ~ J/^1*  where  J is  the  average  heat  flow 


J = It  A/t.  = 5 W/cm  . 
P 'P 


(2.3) 


Thus, 


Tc„  = It  A/t.  h = 5/h  . 
SC  p ip 


(2.4) 


41 


Sec.  13- II 


The  value  of  T^gr  is  determined  by  the  average  heat  flow  across  the  substrate 

and  is  different  for  the  cases  of  £ > i$  and  £t-  < £g.  For  molybdenum, 

£tip  = 0. 15  cm,  and  ^tip>  £g  is  satisfied  (as  is  also  the  case  for  SiC,  Cu,  Ag, 

_2 

and  hi)-,  while  for  invar,  £..  =3.89  X 10  cm,  and  L.  < £_,  is  satisfied.  For 

tip  tip  S 

J^tip  > ^g  > the  heat  diffuses  across  the  substrate  in  the  time  between  pulses;  thus, 
the  temperature  distribution  T^gr  in  the  substrate  after  many  pulses  is  approxi- 
mately the  same  as  for  the  steady- state  case  of  constant  heating  throughout  the 

2 2 

substrate.  Thus,  T^gr~  1 - z /£<,  , which  is  the  solution  to  the  steady-state 

heat-flow  equation  - Kq d2 T/dz2  = It  A/ 1.  ic  . For  L.  « £„  , the  heat 

5 p ip  b tip  S 

diffuses  such  a short  distance  between  pulses  that  this  temperature  disbribution 

^ASr  *s  essentially  the  sarr>e  as  that  for  continuous  heat  input  at  the  surface; 

that  is,  T^gr~  1 - z / i g , which  is  the  solution  to  the  source-free  heat-flow 
2 2 

equation  - Kgd  1 /dz  = 0 with  constant  heat  flow  into  the  surface  at  z = 0 . 

For  the  intermediate  case  of  £ . < iQ  , but  j l_.  « ic  not  satisifed,  the 

Lip  o Lip  O 

temperature  distribution  can  be  approximated  by  that  for  heat  added  uniformly 
in  the  region  0 < z < £ < £g . The  simple  solution  to  the  steady-state  heat- 

flow  equation  gives  a parabolically  decreasing  temperature  in  the  region 
0 s z < £t_p  and  a linearly  decreasing  temperature  in  the  region  £t-  < z < , 

with  a surface  temperature 
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f ' 


Li 


The  average  value  of  T^gr  over  the  substrate  is 


a It  A 
P 


( T ) = - 

s ASr\£c  3 t.  Kc 
S ip  S 


(2.6) 


where 


a = vr 


1 %P 


3 i2 
lS 


for  H < 

tip  S 


and 


a = 7 , 


for  & > ic 

tip  S 


For  substrates  of  SiC , Mo,  Cu,  Ag,  and  A1 , the  simple  forms  of  (2.5)  and  (2.6) 

for  apply,  and  for  invar,  T^g^  is  increased  by  the  factor  1.61  and 

(Tg)^  is  increased  by  the  factor  a = 1.42  above  the  > £g  limiting  values. 

S I 


Combining  these  results  (2. 1),  (2.4),  and  (2.5)  gives  the  surface  (p-  z =0) 
temperature  rise  at  the  end  of  a pulse 


T0  =TpO+»r(TSC  + W = 129.5K  + 6r(5/h  + 0.179Kl 


(2.7) 


where 


6 = 1 
r 


= 0 


for  repeated -pulse  operation 
for  a single  pulse  . 


For  repeated -pulse  operation  with  perfect  cooling  (that  is,  Tg^,  <<TASr’  or 


2W 


h » (5  W/cm  )/'TASr)  , (2.7)  gives 


T n + T. 


f0  h „ pO  ASrO 


= [29.7K]  . 


fill l 


J 
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Failure  mechanism.  In  the  present  section  the  failure  of,  and  the  optical 
distortion  by,  the  coating  is  neglected  of  course,  since  the  model  is  that  of  an 
uncoatcd  substrate.  The  failure  mechanism  is  then  the  thermally  induced  optical 
distortion  resulting  from  the  greater  expansion  of  the  hotter  center  of  the  sub- 
strate than  of  the  cooler  rim.  Both  the  surface  temperature  during  the  pulse  and 
the  technical  problems  of  achieving  great  values  of  the  heat-transfer  coefficient 
h while  maintaining  the  required  figure  of  the  mirror  arc  important.  As  discussed 
in  Sec.  I,  the  failure  criterion  will  be  taken  as 


A H = X/2G  = [3.57  nm  J 


where  Ai  is  the  change  in  the  thickness  of  the  center  (p  = 0)  of  the  structure 
(substrate  and  coating). 

Single-pulse  optical  distortion.  An  accurate  expression  for  the  energy 

density  It^  at  which  a given  optical  distortion  X/G  occurs  can  be  obtained  under 

rather  general  conditions,  which  include  the  present  single-pulse  case,  as  follows: 

It  is  assumed  that  the  system  is  linear  (well  satisfied  for  presently  interesting 

cases  of  small  temperature  rise),  radial  diffusion  is  negligible,  and  no  heat  is 

removed  from  the  mirror  during  the  pulse  (both  well  satisfied  since  the  thermal- 

diffusion  distance  £Stp  = (4Kgtp/Cg)1//2  = [4(1.4)  10’6/2. 61  ]1//2  = | 14. bum] 

is  much  less  than  £g  = 0. 1 cm  and  radiation  is  negligible).  Under  these  conditions 

the  energy  Itp  A absorbed  per  unit  area  must  equal  the  increase  in  the  energy  of 

2 

the  corresponding  volume  £g(l  cm)  of  the  substrate 


r 

f * 
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where  is  the  temperature  rise  during  the  pulse.  The  resulting  effective  change 

25 

in  the  thickness  of  the  substrate  is 


rs 

A£s  = as(l+  vs)  J dzT 


(2. 10) 


This  result,  which  is  derived  in  Ref.  25,  can  be  understood  as  follows:  To  be  con- 
crete, Tp  is  approximated  by 


T = Tne 
P o 


for  z < £ 


for  z > X^  . 


From  Hook's  law,  with  crzz  = 0 for  the  thin  reflector,  the  appropriate  strain  for 


expansion  along  the  z axis  is 


fzz  * ■•'sE  (opp  + °«>  + “sTp  • 


(2.11) 


and  the  thickness  change  is 


Xc  Xc  Xc 

d2tzz  'J  dz“sTp  J dz,,S('Tpp  + V ■ 


(2. 12) 


The  stresses  can  be  considered  to  consist  of  two  contributions,  the  detached 
stresses  cr^  being  the  stresses  in  the  layer  z < X^  and  the  layer  z > X^  if  these 
two  layers  were  detached  from  one  another,  and  the  attachment  stresses  cr„  being 

1 3 

the  stresses  resulting  from  reattaching  the  pieces,  that  is,  deforming  the  hot 
(z  < X^)  and  cold  (z  > X^)  regions  to  bring  them  back  together.  The  attach- 
ment condition  is  that  the  total  attachment  force  on  every  cylinder  p = constant 
must  be  zero : 


I 
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rs 

I d z ct  = 0 


(2. 13) 


Since  the  corresponding  thickness  change  is 


= / dz  ezz  a = ^S^1  / d Z CTa  ~ 


(2. 14) 


the  net  contribution  to  the  thickness  change  from  the  attachment  contribution  to  the 
stress  is  zero  for  this  case  of  an  uncoated  reflector.  For  the  detached  layer 
z < £ ^ , the  sum  of  the  two  nonzero  stress  components  from  p.  290  of  Ref.  26, 
or  from  Appendix  A of  Sec.  C,  this  report,  is 


"ppa + = “se  1 (y„  - y 


(2.  15) 


where 


<T  ) 

P R 


/ <ippT  = ( 


= 0.432  Tn 


(2.  16) 


From  (2. 12)  and  (2. 16), 


*S  S 

= / dz«sTp(l+  vs)  - f dzas(Tp)R  . 


(2.17) 


The  second  term  does  not  contribute  to  the  optical  path  difference  since  it  is 
constant  for  all  p ; thus  it  is  not  included  in  (2.  10).  The  result  is  easily  general- 
ized to  arbitrary  T^(z)  by  conside  ring  many  small  detached  layers;  thus, 

(2.  10)  is  not  restricted  to  the  square-pulse,  z distribution. 
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Solving  (2.9)  and  (2.  10)  for  It^  gives 


(Itp)  = Cs(X/2G)/Aas(l  + i/g) 

= 7. 14  X 10'5Cs/as(  1 + vs)  = [29.2  J/cm2],  for  250 nm 


= l.Olx  10'4Cs/as(l  + ys)  = [41.3  J/cm2] 


for  354  nm  . (2.18) 


v-1 


Apart  from  the  factor  (1+  v^)  that  accounts  for  the  radial  variation  in  temperature, 
this  result  is  equivalent  to  Bennett's  result/  as  seen  by  setting 


g 


(X  /5irN)  - 2 t. 


f 


2N(1  + 3X+  3X2  ) 


1/2 


(2.19) 


where  N is  the  number  of  mirrors  in  the  system,  t ^ is  the  physical  displacement 

of  the  surface  resulting  from  nonthermal  figuring  error,  and  factors  containing 
1/2  2 

X = (1/4  it  )(d/  jfg)  account  for  bending  of  an  unsupported  plate,  which  is  here 
assumed  to  be  prevented  by  the  support  system,  as  already  mentioned.  Examples 
of  values  of  g corresponding  to  various  values  of  N and  were  given  in  Sec.  I. 

Values  of  (It  ) , along  with  values  of  the  material  parameters,  are  listed 


P 


op 


in  Table  I for  several  mirror-substrate  materials.  The  value  of  absorptance 

-3 

A = 5 X 10  is  used  formally  so  that  the  values  will  serve  as  a limiting  case  for 

coated  substrates.  For  uncoated  materials  having  A - A , the  values  of  (It  ) 

„ m P od 

-3 

in  the  table  should  be  multiplied  by  5 x 10  /A  , which  has  the  value 
-3  -2 

5 X 10  /8  x 10  = 1/16  for  aluminum  at  250  to  354  nm,  for  example. 


Continuously  repeated-pulse  optical  distortion.  The  total  change  in  the  mirror 
thickness  at  the  end  of  the  m^1  pulse,  where  m is  sufficiently  great  for  the  steady 
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state  to  be  reached  (t  > 0. 26  for  Mo  with  heat-transfer  coefficient  h = 1 W/cm  K, 
for  example),  is  determined  by  the  temperature  contributions  T , TgC  , and  rASr 


From  (2. 10)  and  (2.  6) 


= as<  l + vs)  f d; 
0 

= ItpAas(1  + ^s) 


Tp(z)  + TSC  + ]ASr] 


t-"s 

1 + b & 

tip 

\h 

3Ks  / 

(2.20) 


Setting  A^c  = X/2G  in  (2.20)  and  solving  for  (It)  gives 
o p 


(ItD) 

P o r 


<V 

P op 


1 + ho(i+JTc) 


(2.21) 


where  (It  ) is  given  by  (2. 18),  and  h is  defined  as 
Pop  0 


ho  ~ CS£S/l:ip 

= 10.0  Cs  = [26. 1 W/cm  K ] 

For  perfect  cooling,  that  is  h » 3Kg/£g  = [42.0  W/cm^K|,  (2.21)  gives 


(2.22) 


dt  ) 


P o r h -» <*> 


[ 18. 0 J/cm  ] 


(2.23) 


The  amount  of  cooling,  that  is  the  value  of  h,  required  in  order  to  avoid  exces- 
sive optical  distortion  UQpd  > X/g)  for  a given  value  of  (It^)  is  obtained  by 
solving  (2.21)  for  h : 

, , <Vod  , “Vs 

h = h°  ~ TT  1 3kT 

P S 12,24) 


= [20.2  W/cm  K ] 
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For  tlio  measured  values  of  absorptance,  the  mirrors  listed  in  Table  I all 
fail  in  single-pulse  operation;  thus,  even  for  h = <*>  they  cannot  survive  for 

’ 

repeated-pulse  operation.  Even  for  the  formal  case  of  A = 5 x 10*3,  the  re- 


quired values  of  h are  extremely  large,  as  discussed  in  Sec.  VI. 

■ ■ 


. 

I 


Sec.  B- III 


III.  DIELECTRIC  COATINGS  AND 
DISTORTION  COMPENSATING  LAYERS 


Multilayer  dielectric  reflectors  will  be  required  for  high-power  ultraviolet 
and  visible  systems  since  the  intrinsic  absorptance  of  uncoated  metallic  reflec- 
tors is  too  great,  as  discussed  in  Sec.  II.  The  problem  of  obtaining  satisfactory 

dielectric  coatings  for  the  reflectors  is  not  expected  to  be  as  severe  as  that  of 

21  -3 

obtaLning  satisfactory  windows.  An  absorptance  of  5 x 10  or  less  (reflec- 
tance of  9.  95  percent)  has  been  attained  at  320  nm  (for  a 21-layer  IRC^/SiO^ 

9 

coating  on  quartz).  Single-pulse  damage  thresholds  at  354 nm  for  17  ps  pulses 

3 15 

ranging  from  0.14  to  3.2J/cm  have  been  measured  for  TiC^  , Zr02  , Hf02  , 

and  SiO^  films  that  were  deposited  at  the  University  of  Rochester.  These 

results,  along  with  general  experimental  results  in  the  infrared  region  and  theo- 
27 

retical  results  suggest,  as  discussed  below,  that  these  films  possibly  could 

2 

withstand  the  required  value  of  10  ]/cm  for  single  pulses  without  catastrophic 
damage  with  no  improvement  required.  Some  margin  of  safety  must  of  course 
be  allowed  in  an  operating  system. 

Lowering  the  absorptance  of  coatings  would  be  one  of  the  most  useful  coating 

improvements.  It  is  emphasized  that  the  cardinal  difficulties  in  obtaining  ultra- 

low-absorptance  coatings  needed  in  high-power  systems  are  expected  to  be  such 

technical  problems  of  depositing  the  films  as  discussed  previously.^’  ^ The 

-3 

large  value  of  A = 5 x 10  is  used  just  for  the  reason  that  overcoming  the  tech- 
nical problems  in  order  to  obtain  lower  absorptance  is  expected  to  be  difficult. 

-4 

If  the  absorptance  could  be  reduced  to  10  , the  reflector  problem,  including 

that  of  cooling  the  substrate,  would  be  greatly  simplified.  This  illustrates  the 
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general  result  that  the  coating  and  substrate  problems  generally  are  closely  related. 

_ O _ A 

The  values  of  the  absorption  coefficient  j3p  required  to  give  A = 5 x 10  and  10" 
are  P-p  — A/A  = 200  cm  * and  4 cm  \ which  are  reasonable  values  to  attain.  The 
absorption  length  A used  in  the  estimate  was  A a?  Ap/4  = 2.5  x 10  ^ cm. 

It  is  also  emphasized  that  in  comparing  coatings,  one  of  the  most  important 
parameters  is  the  absorptance  A.  The  comparisons  here,  which  are  based  on  the 

-3 

same  value  of  A = 5 x 10  for  all  coatings,  therefore  might  at  first  appear  to  be 
misleading.  However,  the  equal-absorptance  comparisons,  which  are  made  of 
necessity,  are  in  fact  quite  reasonable  to  use  in  selecting  candidate  coatings  to 
study  experimentally  since  there  is  no  way  at  present  of  reliably  predicting  which 
coatings  will  have  lowest  value  of  absorptance,  and  it  is  surely  the  extrinsic  absorp- 
tance that  will  reign.  The  intrinsic  Urbach  absorption  edges  are  so  steep  that  the 
values  of  absorptance  of  coatings  are  expected  to  be  extrinsic.  The  extrinsic 
values  of  absorptance  of  deposited  films  are  expected  to  be  greater  than  those  of 
high-purity  bulk  crystals,  and  the  coating- absorptance  values  are  expected  to  be 
determined  by  the  technical  problems  of  the  deposition  process.^’  ^ 

Possibility  of  obtaining  near-zero  thermally  induced  optical  distortion.  By 
using  an  intermediate  layer,  containing  such  a negative  thermal  expansion  material 
as  ThF^  or  perhaps  the  cobalt-iron-chromium  alloy  mentioned  in  Sec.  II,  between 
the  optical  coating  and  the  substrate,  it  is  theoretically  possible  to  reduce  the 
single-pulse  contribution  to  the  optical  distortion  to  near  zero.  First  consider 
the  specific  example  of  a seven-pair  (14-layer)  MgO/MgF2  optical  coating  deposi- 
ted on  an  aluminum  layer,  which  is  in  turn  deposited  on  the  intermediate  layer 
consisting  of  ThF^  and  silver  layers,  which  is  deposited  on  the  substrate. 


f 


> 

# 
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In  the  10  ^ s duration  t^  of  the  pulse,  most  of  the  energy  that  is  absorbed  in  the 
thin  optical  coating  diffuses  into  the  intermediate  layer,  which  is  just  thick  enough 
(a  few  micrometers  thick,  typically)  so  that  little  of  the  heat  diffuses  into  the  sub- 
strate during  the  pulse.  The  greatest  contribution  to  the  optical  distortion  in  this 
case  is  the  expansion  of  the  intermediate  layer.  By  choosing  the  thicknesses  of 
the  ThF^  and  silver  in  the  ratio 


TF 


a ( 1 + v . ) 

Ag  Af' 


As! 


Ag  I aTF  I ( 1 + 


(3.1) 


the  net  expansion  of  the  intermediate  layer  is  zero.  The  ratio  is  altered  for  the 
layers  near  the  optical  coating  in  order  to  partially  compensate  for  the  (small) 
optical  distortion  of  the  optical  coating. 

The  number  of  ThF^/Ag  pairs  in  the  layer  is  not  critical.  If  only  one  pair 
were  used,  the  thermally  induced  optical  distortion  at  the  end  of  the  pulse,  say, 
could  be  made  zero  theoretically.  By  increasing  the  number  of  pairs,  the  dis- 
tortion can  be  kept  small  throughout  the  duration  of  the  pulse.  The  optical  prop- 
erties of  the  ThF^/Ag  layers,  such  as  the  index  of  refraction,  absorption  coeffi- 
cient, coloration,  and  purity,  are  unimportant  since  the  intermediate  layers  are 
not  exposed  to  the  optical  beam.  A metallic  layer  over  the  intermediate  layer 
could  be  polished. 

The  negative  thermal  expansion  coefficient  of  ThF^  is  the  key  feature  of  the 
intermediate-layer  concept.  Other  features  can  be  changed.  Silver  was  chosen 
simply  because  it  has  a great  thermal  conductivity  and  it  is  easily  deposited. 

The  optical  coating  MgO/MgF^  could  be  replaced  by  another  optical  coating, 
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preferably  a thermally  thin  (small  physical  thickness  and  great  thermal  conductivity) 
one.  In  general,  the  thermal  conductivity  of  the  coating,  the  intermediate  layer, 
and  the  substrate  should  be  great. 

1116  limiting  value  of  the  energy  density  per  pulse  (It  ) for  optical  failure 

P or 

is  obtained  by  assuming  complete  correction  for  the  single-pulse  distortion.  The 

value  of  (It  ) is  then  determined  by  the  repeated-pulse  characteristics  of  the 
P or 

substrate.  Setting  (It  ) = “>  in  (5. 17a)  gives 

P op 

(It)'1  = (It)"1  + (It)'*  (3.2) 

P or  P SC  P AS 

2 

For  a molybdenum  substrate  with  heat  transfer  coefficient  h = lOW/cm  K 
and  substrate  thickness  = 0.  1 mm, 


(It  ) = 22. 3 J /crn  ; 

P SC 


(It)  = 187  JAV 
p AS 


and  (3.2)  gives 


(It  ) = 20.0  J /cm  (3.3) 

P or 

2 

This  value  20.0  J /cm  is  limited  essentially  by  the  cooling  and  thermal  expansion 

of  the  substrate,  the  value  of  (It  ) ( = 22.3  J /cm")  being  proportional  to  h/0:c  , 

P SC  b 

The  value  of  the  temperature  at  the  surface  of  the  optical  coating  at  the 

beginning  of  a pulse  (quasi  steady-state  value)  is,  from  (2.4)  and  (2.5) 


Tsc  + TASr0  ' °-68K 


and  at  the  end  of  a pulse  (assuming  equal  thermal  conductivities  Kj  = K<,  and 
heat  capacities  Cj  = Cp  for  the  optical  and  intermediate  coatings)  is 
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TQ  = 60.3  K . 


For  an  invar  substrate  with  h = 10  W/cm  K and  Xg  = 0.5  mm 


(It  ) = 223  J/cm 

p SC 

(It  ) = 160  J/cm2 

P AS 


(It  ) = 93.2  J/cm 

p or 


(3.3a) 


TSC  + 1ASrO  1,54  K 


T()  = 61.2  K 


The  practical  problems  involved  in  reducing  the  single-pulse  optical 

2 2 

distortion  so  that  the  values  of  20.0  J/cm  for  molybdenum  or  93.2  J/cm  for 
invar  could  be  approached  (or,  alternatively,  the  value  of  h/Xg  increased)  should 
be  solvable  without  undue  effort.  As  an  illustration,  assume  that  the  intermediate 
layer  has  the  same  thermal  properties  as  a 14-layer  (7-pair)  MgO/MgF2  coating. 
The  surface  temperature,  from  (2.  1)  with  Cg  and  Kg  replaced  by 
Cp  = 3.  14  J/cm'^  K and  Kp  = 0.285  W/cm  K,  is 


T()  = 59. 6 K 


and  the  temperature  distribution  is 


T = Tq  erfc  7,/L^  = T()  ( 1 -2 z/X^/Ff  111) 


where 


*th  = (4KF(p  /CF)  1/2  = 6,03  nm  • 
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The  optical  coating  thickness,  from  (4. 1)  with  X = 250  nm. 


&F  = ( 1.81  Mm)  ( 14/45)  = 0.563  Mm 


From  (8. 15)  with  T = Tn  = 59.  6 K , 


0r  = - 4. 77(  15. 6x  10-6+  7.54  X 10'6)  59.6  n 


= - 3.29  x 10-J ( 2 n) 


and  from  (8. 16) 


(It)  = 

p 0r  -3.289  X 10"'5 


- 3.04  x 10 5 J/cm2 


From  (8. 11)  with  d^/d()  = 0(p(  1 +v>p)  (T>^ 


0s  a*  14  7t  ( 15.6  x 10  ) T() 


i[>+( 


^th^ 


s 14  77(  15.  6 x 10'6)  Tq(1  - 2p/2th/iP) 


6.  17  x 10  J (2  v) 


and  from  (8. 16) 


(It  ) = 10  J/cm 

p 0s  6. 165  x 10"3 


1.62  x 103  J/cm2 


r i. 


The  net  phase  shift  is 


0s  + 0r  = 2.88  x 10  (2  IT)  , 


WM  nA 
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r- 


and  the  net  optical  distortion  is 

(It  ) = 10/2.88X10"3  = 348  J/cnt2 

P op 

Thus,  the  contribution  of  the  optical  coating  to  the  optical  distortion  is  extremely 
small,  even  for  the  case  in  which  no  cancellation  of  the  coating  distortion  by  the 
intermediate  layer  is  assumed. 

If  the  net  thermal  expansion  of  the  intermediate  layer  is  ± 0.5  x IQ-6  cm"1  , 
which  is  a large  value  for  the  near-zero  expansion  layer,  the  optical  distortion 
from  the  intermediate  layer  is,  from  (4.7)  with  the  small  amount  of  heat  that  has 
not  diffused  into  the  intermediate  layer  neglected, 

(It  ) = ( 14.0  J/ cm2 ) --6  X 10  6 = 2.49x  103  J/cm2 

F °P  0.5 x 10"°( 1.3) 

Thus,  the  contribution  from  the  lack  of  perfect  cancellation  of  the  expansion  of 
the  intermediate  layer  also  is  negligibly  small.  The  calculations  suggest  that  if 
the  1 hF^  /metal  intermediate-layer  design  encounters  difficulties,  an  invar 
intermediate  layer  would  be  useful. 

The  positive-expansion  material  in  the  intermediate  layer  is  not  critical. 
Magnesium  fluoride,  silicon  carbide,  or  copper  could  be  used  instead  of  silver, 
for  example.  Other  low  expansion  intermediate  layers,  such  as  invar  or  another 
alloy,  could  be  investigated  if  difficulties  develop  in  the  Thl?4  intermediate  layer. 

In  principle,  the  same  technique  could  be  used  to  reduce  the  substrate 

contribution  to  (It  ) . The  ThF. /Mo  structure  would  be  extended  to  form  the 

P or  4 

total  substrate.  However,  the  technical  problems  may  be  difficult,  and  the  value 
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of  (It  ) could  be  determined  by  the  residual  value  of  (It  ) that  cannot  be  can- 

1 P op 

celled  entirely  in  a practical  reflector,  rather  than  by  (It  ) and  (It  ) 

P SC  P as 

Then  there  would  be  no  additional  benefit  from  using  a ThF^  layered  substrate. 

The  damage  threshold  now  becomes  much  more  important  than  was  envisioned 
at  die  beginning  of  the  program  since  it  may  be  possible  to  reduce  the  optical  dis- 
tortion threshold  to  such  an  extent  that  the  overall  system  failure  is  limited  by 
the  damage  threshold  rather  than  by  optical  distortion.  The  following  new  possi- 
bility of  increasing  the  damage  threshold  is  therefore  especially  important. 

Clusters  of  microscopic  imperfections.  It  is  generally  found,  with  only  a 
few  exceptions,  that  laser  damage  in  coatings  and  in  bulk  materials  occurs  at 
small  isolated  spots,  radier  dian  uniformly  over  the  high  irradiance  area.  The 
macroscopic-absorbing-inclusion  mechanism  has  been  the  explanation28,29'27’  1()’  11 
for  these  damage  sites,  but  diere  is  growing  concern  that  die  inclusion  mechanism 
may  not  be  a universal  explanation  of  laser  damage.  ’ In  some  cases  the 
macroscopic  inclusion  explanation  is  likely  to  be  correct.  Platinum  inclusions  in 
laser  glass  and  imbedded  polishing  compounds  in  surfaces  are  two  examples.  In 
general,  however,  an  alternate  explanation  would  be  welcomed  since  several 
investigators  have  not  found  inclusions  in  careful  searches  in  materials  known  to 
damage  at  isolated  spots. 

Such  damage  could  result  from  clusters  of  microscopic  imperfections. 

A purely  statistical  distribution  of  imperfections  would  of  course  result  in  local 
areas  of  high  imperfection  density.  It  is  probably  much  more  significant  however 
that  imperfections  often  have  a strong  tendency  to  appear  in  clusters,  for  a 
number  of  reasons.  There  are  a number  of  types  of  microscopic  imperfections 
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and  a number  of  damage  mechanisms,  including  linear  absorption  and  processes 

involving  generated  electrons,  that  could  result  from  imperfection  clusters  as 

30 

will  be  discussed  in  detail  elsewhere.'  For  the  present,  consider  the  example 
of  isolated  point  imperfections  such  as  impurity  ions,  incomplete  oxygen  bonds, 
or  one  of  the  many  so-called  damage  centers.  The  absorption  coefficient  /3  in 
the  areas  of  great  concentration  of  imperfections  should  be  much  greater  than  the 
spatially  averaged  values  of  absorption  coefficient  measured  in  typical  calorimetry 
measurements. 

The  cluster  explanation  is  particularly  appropriate  for  coating  damage  (and 
also  for  surface  damage)  since  coatings  almost  always  have  absorption  coefficients 
that  are  much  greater  than  the  bulk-material  values,  which  is  likely  to  be  the 
result  of  contamination  of  the  vacuum  deposited  films.  Thus,  the  imperfections 
are  believed  to  be  present,  and  they  are  more  likely  to  be  clustered  in  films  than 
they  would  be  in  bulk  samples.  For  a coating  with  /?  = 10  cm  1 measured  calori- 
metrically,  a value  of  )3  = 200  cm  * for  the  local  value  corresponding  to  the 
greatest  imperfection  concentration  seems  reasonable.  For  a volume  that  is 
sufficiently  small  for  thermal  diffusion  out  of  the  volume  during  the  pulse  to  be 
negligible,  the  temperature  rise  is  obtained  by  equating  the  energy  absorbed 

IA£U  , with  absorptance  A = (il , to  the  temperature  rise  times  the  heat  capacity 

- 1 2 

TC  Q£  of  the  cluster  volume  CU-,  which  gives,  for  /3  = 200  cm  , 1 1^  = 10  J/cm  , 
and  C = 2 J/cm3  K , 

T = 0 It  /C  = 103  K 


Thus  the  numbers  are  quite  reasonable  to  explain  failure  of  local  sites.  As  the 
irradiance  is  successively  increased  above  the  value  required  for  the  first 
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detectable  damage,  there  should  be  successively  greater  numbers  of  damage 
sights  corresponding  to  lower  concentrations  of  imperfections  in  the  clusters. 

If  the  cluster  explanation  proves  to  be  correct,  an  important  consequence 
will  be  that  there  is  now  for  the  first  time  a method  of  possibly  increasing  the 
damage  threshold.  It  has  already  been  suggested  that  the  film  deposition  process 
be  cleaned  up  to  the  ultimate  degree  possible  in  order  to  decrease  the  coating 
absorptance.  If  such  a program  were  successful  in  significantly  reducing  the 
overall  absorption,  it  is  possible  that  the  value  of  the  maximum  local  absorption 
coefficient  would  also  be  reduced,  thereby  reducing  the  damage  threshold.  This 
makes  the  ultraclean  deposition  experiments  even  more  important  than  originally 
suggested. 

, Intentionally  doping  the  best  available  film  materials  with  absorbing  ions  and 

looking  for  simultaneous  increases  in  the  absorption  coefficient  and  the  damage 
threshold  is  perhaps  the  simplest  test  for  the  mechanism.  It  is  conceivable  that 
some  type  of  inter-film  layer  contamination  such  as  ionic  diffusion  across  the 
•'  interface,  especially  at  the  elevated  temperatures  of  deposition,  could  be  involved. 

Other  considerations  discussed  in  connection  with  lowering  the  film  absorptance^’  ^ 
could  be  important  in  the  cluster  mechanism. 

Single-pulse  damage  threshold.  For  such  damage  as  melting  or  fracture 
(but  not  optical  distortion) , if  the  coating  survives  the  single  pulses,  it  is 
expected  to  survive  the  continuously  repeated  pulses  in  the  systems  considered 
and  in  a rather  wide  class  of  systems.  For  inclusion  damage,  thermal  diffusion 
between  pulses  reduces  the  temperature  essentially  to  its  prepulse  value.  The 
same  is  true  for  absorption  in  the  coating  as  will  be  shown. 

'> 
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,20 


The  damage  experiments  by  Newnam  and  Gill  on  TiC^,  ZrC>2,  Hf02,  and 


Si02  quarter-optical-wave-thick  coatings  on  fused  silica  at  wavelength  355  nm 
and  pulse  duration  17  ps  suggest  that  the  damage  thresholds  in  their  case  result 
from  two-photon  absorption  (except  for  Ti02,  which  has  a sufficiently  small  band 
gap  to  allow  direct  absorption  across  the  gap).  Although  the  nature  of  the  damage 
was  not  discussed,  the  following  estimate  suggests  that  the  coatings  may  have 
melted. 


The  thermal-diffusion  distance  in  fused  silica  in  time  t = 12  ps  , 

p * 


^th  = (4Ktp/C)1/2  = [4(0.014)  17  x 10'1Z/  1.7]  1/Z  = 7.49  nm  , 


,-12 


1/2 


is  much  less  than  the  coating  thickness  = 355/4(1.48)  = 60  nm  . Thus,  the 


2 24 

temperature  rise  for  the  observed  energy  density  It  =2.7  J/cm  is 


T = It  0F/  Cs  = 2.38  x 103  K 


which  is  equal  to  the  temperature  ~ 2,000  K required  to  melt  the  coating  within 
the  accuracy  of  the  order -of-magnitude  estimate.  The  temperature  ~ 2,000  K 


is  the  sum  of  the  melting  temperature,  ~ 1690  K above  room  temperature 


(Tm  = 1710  C) , plus  the  temperature  Hf/C  = (568  J/cm3)/  1.7  J/cm3  K = 334  K 


that  is  equivalent  to  the  heat  of  fusion  H(=  568  J/cm  ).  Melting  is  expected  to 


occur  before  fracture  since  the  fracture  temperature  H^/C  is  estimated  to  be 


somewhat  greater  than  2,000  K,  even  using  the  bulk-crystal  strength.  Neglect- 


ing residual  stresses  and  assuming  a compressive  strength  of  ~ 8 , with  a 

,4 


tensile  strength  of  s-  10  psi,  assuming  the  worst  case  (greatest  stress)  of  no 
substrate  heating,  and  using  (4. 15)  gives 
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T 


8 at(l - v ) 
a E 


1.  25  x 10"4  K . 


Furthermore,  the  strength  of  the  films  may  be  greater  than  the  corresponding 
bulk-crystal  values,  as  discussed  below. 

31 

The  absorption  coefficient  was  estimated  by  taking  a typical  expression  ’ 


0F  ^ ( t)  1cm'1 

' 0. 1 GW/cm2  ' 

3 - 1 

which  gives  # = 1.5  x 10'  cm  . This  estimated  value  of  could  be  In  error  by 
at  least  an  order  of  magnitude. 

Assuming  that  the  damage  occurs  by  melting  that  results  from  two-photon  heat- 
ing, it  is  simple  to  scale  from  the  17  ps  damage  threshold  to  1 (is  and  a molybdenum 
substrate.  For  t = 10  ^s,  the  thermal  diffusion  distance,  1.81  (jm  = 1,810  nm,  is 
much  greater  than  the  coating  thickness,  60  nm.  Thus  the  temperature  is  given  by 
(2.  1).  With  /3p  = 1.5x  103  (2000/2380)(I/159  GW/cm2)  = 7.93  I cm''/GWcm'2  and 

3 

T = 2 x 10'  K,  solving  for  It^  gives  the  melting  threshold 

(It  ) = 8.45  x 103  J/cm2  . 

P m 

This  is  such  a great  damage  threshold  for  two-photon  heating  that  another 

mechanism  surely  will  have  a lower  threshold.  Likely  candidates  are  inclusion 
OQ  OQ  97  10  11 

damage  ’’’  ’ and  clusters  of  microscopic  inclusion,  discussed  under 

the  previous  paragraph  heading.  In  the  infrared  region,  the  damage  thresholds 

for  microsecond  pulses  range  from  10  to  several  hundred  Joules  per  square 

. * 10.  H 

centimeter. 
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It  is  not  difficult  to  show  that  these  basic  results  are  not  changed  when  the 

additional  Joule  heating  by  the  two-photon-absorption-generated  electrons  is 

included.  For  oc t » 1 , where  T is  the  electron  relaxation  frequency,  the 

2 3 

imaginary  part  of  the  dielectric  constant  is  e = 4u  n e /mo.'  r and  the  absorp- 

tion  coefficient  is  B = f „ cc/n  e.  The  density  of  conduction  electrons  n gen- 
a 3 r e 

erated  by  two-photon  absorption,  assuming  negligible  recombination,  is 

n = (it  /fice)/30  , where  / L is  the  two-photon  absorption  coefficient  in  cm  1 
e 2 p 2 2 

Solving  these  three  equations  for  8/ £ gives 


_ 2 7T  C 1 tp 

^2  n^cfimco'^T 


= 0.307 


2 - 14 

where  the  numerical  value  of  0.  307  is  for  It^  -2.1  J/cm  and  t = 2 x 10  s. 
Thus,  the  absorption  at  the  end  of  the  pulse  is  increased  by  a factor  of  1,  307, 
which  is  not  sufficient  to  change  the  result  that  two-photon  absorption  (enhanced 
by  Joule  heating)  is  negligible  at  10  ^ s. 


Two-photon  absorption.  An  important  factor  in  selecting  coating  materials 

is  the  required  size  of  the  band  gap.  One-photon  absorption  must  be  avoided; 

that  is,  bo.'  must  be  less  than  the  absorption  edge  E a . With  /3 { . ar  10^  -10^  cm  1 

for  frequencies  above  the  absorption  edge  and  ip  3?  10"^  cm,  the  absorptance  A 

would  be  intolerably  great  since  jSpip  = 10-100.  The  experimental  results  of 
20 

Newnam  and  Gill  just  discussed  support  the  theoretical  prediction  that  two- 
photon  materials  (witli  4-  E < tic c < E ) can  be  used  for  coatings,  but  not  for 
windows,  at  t^  = 1 us.  With  j3p  a;  8 cm-1  I/GWcm’2  from  the  experiments. 


assuming  that  the  damage  results  from  two-photon  absorption,  the  coating 
7 2 

absorptance  at  I = 10  W/cm  is  of  the  order 

Ap  a;  /3p4p  2;  [8(10  2)  cm  i]2.5xl0 3 *  5cm  = 2xl0 

which  is  below  the  absorptance  level  that  is  likely  to  be  attained  in  the  near  future. 

For  windows  that  are  approximately  one  centimeter  thick,  the  absorptance  is 
-2 

A 2 8 x 10  , which  is  unacceptably  great. 

The  strength  of  materials  in  thin-film  form  may  be  greater  than  in  bulk 
single -crystal  form,  possibly  to  the  extent  that  fracture  of  quarter-wave  coatings 
for  250  to  354  nm  use  will  be  rare.  This  greater  strength  of  thin  films  appears 

I s I 

to  have  been  largely  overlooked  in  the  literature  until  recently.  ’ The  fact 
that  many  reported  values  of  residual  stresses  in  films  exceed  the  bulk-crystal 
strengths  supports  the  greater-film-strength  contention.  For  example,  the 

4 

reported  tensile  stress  of  3.2  xlO  psi  for  MgF2  exceeds  the  bulk-crystal  tensile 

3 

strength  of  7.6  x 10  psi  by  a factor  of  4.2  . There  are  also  theoretical  reasons 
to  believe  that  the  strength  of  a given  material  may  be  greater  in  thin-film  form 
than  in  bulk  single-crystal  form,  just  as  the  strengths  of  brittle  polycrystalline 
materials  increase  as  the  grain  size  decreases.  If  the  characteristic  Griffith- 
microcrack  size  (typically  0.5  nm,  but  with  considerable  variation  from  case 
to  case)  associated  with  the  bulk  tensile  strength  is  greater  than  the  coating 
thickness,  it  is  reasonable  to  expect  that  the  strength  will  be  greater  in 
thin-film  form. 

Experimental  values  of  the  expansion  coefficients  of  deposited  thin  films  are 
needed  in  order  to  make  the  best  selection  of  candidate  coatings.  An  IlfO,?/ThF^ 
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coating  (or  ThF^  plus  another  high- index  material)  may  turn  out  to  be  a good 
choice.  If  HfC^  has  the  ultralow  value  of  a = 0.  5 x 10  ^ K * and  ThF^  has 
a = -2.5  X lCT^K'l , the  performance  of  the  coating  will  be  approximately  as 
good  as  that  of  ThF^/SiC^  , and  the  great  number  of  layers  would  not  be  required. 
If,  on  the  other  hand,  a a:  10  x 10  ^ K 1 for  HfC^  , the  effective  expansion  coef- 
ficient of  the  coating  near  room  temperature  is  a = [ 10  (1.  35)  -2.  5 (2.  14)  ] 10 
(1.  35  + 2. 14)  = 2.  3 x 10  ^ K 1 , which  is  intermediate  between  the  ultralow  value 
of  0.  5 X 10  ^ K * and  the  effective  value  a = 12. 3 x 10  * for  MgO/MgF0  . The 

number  of  layers  required  would  still  be  small,  of  course.  An  intermediate  layer 
of  ThF^  possibly  could  reduce  the  net  expansion  considerably  below  the  value  of 
a = 2.  3 x 10 K~*.  The  compatibility  of  the  deposition  conditions  of  ITfO^  and 
ThF^  would  have  to  be  determined,  of  course. 

There  are  glasses,  such  as  Cer-Vit  (Owen -Illinois  trade  name  for  ’’glass 
ceramic"),  Zerodure  by  Schott,  and  ULE  by  Corning  that  have  near-zero  thermal 
expansion  over  broad  temperature  ranges.  Values  as  low  as  a = 0.  1 x 10  ^ K 
over  a limited  temperature  range  have  been  attained  (for  a C. . ng  ULE  glass 
containing  Si09  and  TiC^  ).  Their  principal  use  is  mirror  blanks.  However, 
they  are  not  useful  as  substrates  for  high-power  reflectors  since  the  thermal 
conductivity  is  too  low.  Such  glasses  usually  require  special  manufacturing 
techniques,  and  it  is  not  known  if  they  can  be  fabricated  as  thin  films. 

The  number  of  layers  required  to  give  a specified  value  of  reflectance  can 
be  calculated  from  the  expression 

inld-R)  Z/4)] 


(in(nL/n(I) 


for  1 - R«  1 


(3.4) 
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which  is  easily  obtained  from  the  result'  ' 


A - (nH/nL)2N  Z 
\l  + (nH/nL)2N  Z 


- 1 - 4(nL/nH)2N/Z  , 


for  1 - R « 1 


(3.8) 


These  results  are  for  a reflector  consisting  of  2N  layers,  all  of  which  are  quarter 
wave  except  for  the  low-index  layer  next  to  the  substrate.  The  thickness  of  this 
low- index  layer  is  adjusted  to  give  maximum  reflectance  (that  is,  a net  quarter- 
wave-layer  phase  shift,  including  that  of  the  layer  itself  plus  the  phase  shift 
at  the  substrate  resulting  from  the  complex  u^ ). 

In  order  to  regain  the  correct  limit  of  (3.7)  for  2N  = 0,  it  is  necessary  to 
formally  set  nj  - 1 (=n^)  *n  the  expressions  for  Z and  [r^|.  For  n^"  = 0 
and  nj  > n,,,  the  result  (3.7)  of  Hass  does  not  reduce  to  the  result  (3.  13)  of 
Lissberger  below.  The  discrepancy  is  relatively  unimportant  for  the  present 
cases,  but  will  be  resolved  in  a future  report.  It  would  be  useful  if  authors 
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would  give  key  results  in  terms  of  the  complex  refractive  indices  in  order  to 


avoid  ambiguities  in  the  literature,  which  are  not  uncommon. 


Other  useful  expressions  for  coatings  with  quarter-wave  layers  are  as  follows: 


For  2N+  1 layers  (OHLHL 


LHS )' ^ , 


where 


V = n„/L  , 


= ( nn  ) 

nr>  v n,  / 


which  can  be  written  as 


/j  _ n i \2  ,,  2 

( b ^g  ) F Uq 


(L  + ns')2  + ns”  2 


(3. 10) 


with  ng  = ns’  - i ns"  = 2.  43  - i 2. 97  for  Mo  and  ng  = 0.  34  - i 4. 01  for  A1 , both 


for  X near  354  nm.  For  L2  » | ng  | , (3. 10)  gives 


R ^ 1 - 


4 "s'  "o 


(i)  ; 

\ nu  / 


for  1 - R « 1 


(3.11) 


from  which  it  follows  that 


An[(l  - R)  nH  / 4 ns'  nQ  ] 


in[nL/nH 


(3.  12) 


1 
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The  corresponding  results  for  2N  layers  ( HLHL LS ) is 


R = 


(ns'  - S)2  + ns”2 
(ns'  + S)2  + ns"2 


^ 1 - 


4 nQ  / nL 
ns'  \ H - 


. 2N 


for  1 -R  <<  1 


(3. 13) 


where 


S nQ(nL/nH) 


2N 


and 


2N  =- 


jen[(l  - R)  ns'/4  nQ  ] 
£n(nL/nH) 


(3.  14) 


Table  IV  contains  calculated  values  of  the  numbers  of  layers  required  to  give 

-3 

1 - R = 5 x 10  for  various  coating/ substrate  combinations. 

Theoretical  absorptance  of  reflectors.  Three  contributions  to  the  absorptance 
of  a reflector  are  absorption  in  the  coating,  absorption  in  the  substrates,  and 
absorption  of  scattered  light.  For  a metallic  or  other  non-transmitting  substrate 
with  no  scattering  and  with  no  absorption  in  the  coating,  the  absorptance  is  simply 


AS  (I  ' R,$  = 0 


Number  of  coating  layers  required  to  give  1 - 
for  various  coating/substrate  combinations. 
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*TTie  corresponding  experimental  value  is  2N  = 21 


r 
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where  R is  given  by  (3.7),  (3.  10),  or  (3.  13).  This  contribution  to  the  absorptance 
can  be  reduced  by  increasing  the  number  of  layers,  which  reduces  the  electric 
field  at  the  absorbing  substrate. 

For  an  absorbing  coating,  in  the  limit  in  which  the  absorptance  A is 
controlled  by  the  absorption  in  the  coating,  a good  approximation  to  the  absorp- 
tance is  obtained  by  using  the  model  of  an  infinitely  thick  coating  (2N  -*  ® ) of 

19 

quarter-wave  layers.  For  this  case,  Koppelmann  found  that,  for  n^” 

„ « i , 


and 


Ap  = 2 


°h"  + nL 


2 X 


nH2  - nL2 


n . 2 „ -2 
H ' nL 


(3.15) 


where  n^  = n^'  + i n^"  [with  exp(+  ikz)  for  a plane  wave  traveling  in  the  +z 


direction]  and  n^  = n^'  + i n^".  The  relation  between  the  absorption  coefficient 

H 


and  the  extinction  coefficient  nH"  is 


0H  = 4TrnH’7X 


(3.  16) 


Solving  (3. 16)  and  (3.  15)  for  /3  gives 


0 = 


( nH  2 - nL,2)A/\ 

339  cm  * , 

for  n 

46.  1 cm  * , 

for  n 

H 


'L 


H 


(3.17) 
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It  would  not  be  surprising  if  such  large  absorption  coefficients  were  found  in 
early  coatings.  These  results  show  that  an  absorptance  of  5 x 10  ^ could  be 
attained  if  the  absorption  coefficient  of  the  HfC^/SiC^  film  could  be  reduced  to 
339/100  = 3.4  cm  * , which  appears  to  be  a reasonable  typical  goal  for  films 
deposited  under  absolute  optimum  conditions^’  11  . For  24  layers  (12  pairs) 
depositied  on  molybdenum  at  354  nm  , 

(1  - R)p=  Q = 5x  10‘5  , 

and  if  the  scattering  contribution  is  negligible,  the  absorptance  is 
-4 

A = 10 

Alternatively,  30  layers  (15  pairs)  could  be  used  to  reduce  (1  - R)^_  Q to  lO  5,  in 

which  case  the  required  value  of  the  absorption  coefficient  is  j3  = 339/50  = 6.  8cm’1. 

-4 

It  is  possible  that  an  absorptance  of  10  could  be  attained.  The  difficulty  is  ex- 
pected to  be  that  of  solving  the  technical -deposition  problems  in  order  to  obtain  the 
relatively  low  value  of  /3  = 6.  8cm  * for  X = 250  to  350 nm. 

An  important  feature  of  the  result  (3. 17)  is  that  smaller  absorption  coefficients 
are  required  for  coatings  having  smaller  values  of  n^  /n(J ; the  more  coating  layers 
required,  the  lower  the  required  value  of  /3. 

The  result  (3. 15)  can  be  understood  as  follows.  For  simplicity,  assume  that 
nfj"  = n^"  = n"  . For  n"  sufficiently  small,  the  depth  of  penetration  of  incident 
irradiance  into  the  coating  is  determined  by  the  reflection  characteristics  of  the 
coating,  rather  than  by  the  absorptance.  Thus,  (3.  15)  and  (3. 16)  can  be  written  as 

A = 0ipen  . (3.18) 


Sec.  B- III 


where 


8nHnL 


pen 


(nH+  nL^(nH-  nL) 


(d) 


7 “ “ r < d ) , for  n..  - n.  « n. 

(nH  ‘ nL>  H L L 


(3. 19) 


is  the  effective  depth  of  penetration  into  the  coating  and 


<d> 


2 U"H  4nL 


is  the  average  thickness  of  the  coating  layer. 

It  can  be  seen  that  this  result  (3.  19)  is  reasonable  as  follows'543:  The  irradi- 

2 

ance  decreases  by  a factor  of  (nL/n„)  for  each  pair  of  layers,  roughly  speaking. 
This  argument  neglects  such  effects  as  the  variation  of  the  irradiance  across  the 
thickness  of  the  given  layers  of  the  coating.  The  absoqitance  can  therefore  be 
approximated  by  the  sum  of  the  absorptance  in  each  pair  of  layers  as 


A - 2 <d>  0 11  + (nL/nH>2  + (nL/nH)4  + + (nL/nH)2m  1 * 

9 rr\ 

Summing  the  series  gives,  for  (n^/n^)  « 1 

A = 6JL 
r c 

where 
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<d> 


nH 

nH  ' nL 


(d) 


for  n j j < rij  « 1 


(3.20) 


The  effective  depth  from  (3.20)  agrees  with  the  penetration  depth  l^en  from 

(3. 19)  as  well  as  is  expected  for  the  crude  model  used  in  obtaining  (3.20)'  . For 

n,  = 2. 14  and  n.  = 1. 477,  (3. 19)  and  (3. 20)  give  £ 2.916(d)  and  £ =3.  82  (d)  ; 

rl  l pen  c 

andforn..=  1.575  and  n.  = 1.500,  the  values  arc  £ =26.6  /d>  and  £ =21.5  (d). 

H L pen  e 

Scattering  is  usually  considered  to  decrease  the  reflectance  without  increasing 

1 8 

the  absorptance.  However,  the  scattered  light  can  be  absorbed,  and  Winsor  has 
shown  that  scattered  light  can  be  entrapped  in  the  coating,  thereby  causing  a sub- 
stantial fraction  of  the  scattered  light  to  be  absorbed.  An  experimental  determi- 
nation of  the  magnitude  of  this  effect  is  needed. 

In  the  limit  of  low  absorptance,  A « 1 , it  is  expected  that  the  three  con- 
tributions add  linearly 


A = (1 


v 


+ 


2 


PL)\ 


+ A 


n 


H 


■ n. 


sc 


(3.21) 


Obtaining  an  ultralow-thermal-expansion  coating  would  provide  another  of  the 
possible  solutions  to  the  power-coating  problem  for  the  model  system  in  Sec.  I. 

Low  thermal  expansion  of  the  coating  materials  results  in  great  resistance  to 
both  thermally  induced  optical  distortion  and  fracture.  The  theoretical  superiority 
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of  the  I IfO^/SiO^  coating  over  the  MgO/MgF^  coating  is  a result  of  the  low 
thermal  expansion  assumed  for  both  UfO^  and  SiO^  . It  may  be  advantageous  to 
increase  the  thickness  ot  the  optical  coating  to  a value  greater  than  that  needed 
optically  in  order  to  prevent  excessive  heat  diffusion  into  the  substrate  during  a 
pulse,  which  would  increase  the  optical  d rortion  as  a result  of  the  substrate 
expansion. 

-6  -1 

Bulk  fused  silica  is  known  to  have  ultralow  expansion  (a  = 0. 5 x 10  °K  ), 
and  oxide  coatings  tend  to  be  amorphous.  Thus,  the  HfO^  coating  could  have  an 
ultralow  thermal  expansion  as  assumed,  but  this  is  by  no  means  certain,  espe- 
cially since  there  are  so  few  ultralow  expansion  materials.  It  is  important  to 

determine  the  expansion  coefficients  of  thin  deposited  films  of  llfCX,  (and  other 

34b 

candidate  materials  for  coatings) 

35 

Uan  Uitert  and  co-workers  recen  } found  that  a single  crystal  of  thorium 
tetrafluoride  had  | a |<  2.5x10  ^ K * for  temperatures  between  25  C and  600  C. 
At  room  temperature,  a ^ -2.5  x 10  ^ K * ; the  average  value  on  the  range  25  C 
to  300  C was  a = -1.4  x 10_6C;  at  T 2-  300  C,  a = 0;  for  T > ~300C,  a was 
positive;  and  the  net  expansion  from  T = 25  C to  T = 600  C was  zero.  The  crys- 
tal was  not  fractured  by  application  of  a blowtorch.  One  disadvantage  of  ThF. 
is  radioactivity,  but  ThF^  has  been  widely  used  in  the  past.  Crystalline 
A^O^  • Li?0  • 2 SiC^  has  a large  negative  thermal  expansion  coefficient 
a = -17  x 10"6  K'1  along  one  axis,  this  value  of  a being  constant  from  20  C 
to  800  C. 

The  negative  expansion  coefficient  of  ThF^  , or  possibly  other  materials,  at 
room  temperature  affords  the  possibility  of  a near-zero  net  thermal  expansion 
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coefficient  of  a dielectric/metallic  reflector.  For  example,  an  intermediate  layer 
of  ThF^  of  appropriate  thickness  £.  (of  the  order  of  the  coating  thickness)  could 
be  deposited  between  the  coating  and  the  substrate,  with  X.  chosen  to  give  zero 
single-pulse  optical  distortion.  A very  thin  (~  10  nm,  as  discussed  below)  alumi- 
num layer  could  be  deposited  over  the  ThF^  in  order  to  reduce  the  number  of 
coating  layers  required.  The  coating  itself  could  aloO  have  ThF^  as  one  of  the 
coating  materials.  For  repeated-pulse  operation,  the  value  of  X.  could  be  chosen 

to  maximize  the  overall  threshold  value  of  It  . 

P 

Values  of  C , K , v , E,  a , H, , and  T for  ThF.  were  not  found  in  the 

t t m 4 

literature.  In  view  of  the  potential  importance  of  ThF^  , reasonable  values  of 

the  parameters  are  assumed  in  order  to  obtain  a rough  estimate  of  the  performance 

of  a coating  containing  ThF^  . A ThF^/SiC^  coating  is  considered  to  be  specific 

2 

and  to  illustrate  the  advantages  (low  required  value  of  h = 6.  33  W/cm  K,  even  on 
Mo,  for  example)  and  disadvantages  (possible  low  fracture  threshold  and,  with 
SiC>2  , possible  great  number  of  layers  required,  for  example)  of  coatings 
containing  ThF^  . As  discussed  below,  the  best  candidate  coating  having  ThF^ 
as  one  of  the  materials  can  be  chosen  when  experimental  values  of  the  expansion 
coefficients  of  deposited  thin  films  become  available.  In  view  of  the  potential 
problems  with  ThF^/SiC^  that  will  be  discussed  below,  this  coating  combination 
may  not  turn  out  to  be  the  best  choice. 

Both  SiC^  and  ThF^  deposit  well,  in  high -density  form,  at  150  C,  and  both 
materials  are  sufficiently  transparent  at  250  to  350  nm.  A major  problem  is 
that  a great  number  of  layers  is  required.  For  example,  at  250  nm,  n = 1.575 
for  ThF^  and  n = 1.50  for  SiC^  , and  the  theoretically  required  number  of  layers, 
from  (3.8)  below,  is  54  (27  pairs)  on  aluminum  (n^  = 0.  175  + i 1.725),  or  92 
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(46  pairs)  on  molybdenum  (ng  = 1.  30  + i 2. 73).  This  is  an  example  of  a case  in 
which  a thin  aluminum  layer  (thickness  20 nm)  is  effective  in  reducing  the 
required  number  of  coating  layers. 

A final  potential  problem  with  coatings  containing  ThF^  is  that  the  thermal- 

fracture  threshold  could  be  low  if  the  strength  of  the  films  is  not  greater  than 

that  of  the  bulk  crystal  of  the  same  material.  For  example,  for  the  ThF^/SiO^ 
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coating,  the  value  of  (It  ) is  only  ~ 1 to  7 J/cm  . This  great  range  of  values 

P fp 

is  a result  of  the  fact  that  the  values  of  a number  of  parameters  are  not  known 

3 

for  ThF^  . Typical  values  are:  crteng.^  ^ ^ a 6 to  12  X 10  psi ; v = 0.  17  to 

0.  35  ; a = -2. 5 X 10  K to  -1.  4 X 10'°  K , depending  on  the  magnitude  of  the 

temperature  change;  E = 10  to  25  x 10^  psi;  and  Cs  2 to  3 J/cm^  K.  The  high 

temperature  resulting  from  the  low  thermal  conductivity  and  the  fact  that  ThF^ 

is  in  tension  cause  (It  ) to  be  small.  If  the  strength  of  the  film  is  greater  than 

P fp 

the  bulk -material  strength,  the  values  of  (It  ) and  (It  ) may  be  sufficiently 

P fp  P fr 

great  that  fracture  will  not  be  a problem. 

If  these  potential  difficulties  do  not  materialize,  the  ThF^/SiO^  coating  itself 
could  meet  the  requirements  of  the  model  system.  It  is  theoretically  superior  to 

both  the  MgO/MgF'2  and  HfO^/SiO^  coatings,  even  with  the  assumed  ultralow 

"1 

expansion  of  0.  5 X 10  u K 1 for  HfCL  . For  example,  the  values  of  (It  ) are 

1 P op 

145  J/cm^  for  ThF^/SiO^  , 77.  5 J/cm  for  HfC^/SiC^  , and  21.4  J/cm^  for 
MgO/MgF„  , all  on  molybdenum  substrates  at  X - 250 nm.  For  the  ThF  ./SiCL 
coating,  the  value  2 N+l  = 55  was  used  formally,  which  requires  a thin  aluminum 
inteiggicdiate  layer.  This  layer  can  be  as  thin  as  a few  skin  depths  (of  the  order 
of  10  nm). 

A cursory  investigation  indicates  that  optimizing  a coating  containing  ThF^ 
by  selecting  the  other  coating  material  (or  materials  for  a 3 N layer  coating) 
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would  reduce  the  value  of  (It  ) = 15.  1 J/crn  for  ThF./SiCL  : Mo  with 

P or  -i  J. 


h = 10  W/cm  K to  the  value  (It  ) s:  19  J/cm  that  is  determined  by  the  sub- 

P or 


strate  (with  a slight  improvement  for  a net  negative  expansion  coefficient  of  the 
coating). 

Coating  failure  modes.  Under  laser  irradiation,  absorption  in  and  on  the 
surface  of  a multilayer  reflection  coating  generates  heat,  which  flows  through 
the  coating  into  the  metallic  (or  other  heat  conducting)  substrate.  The  resulting 
temperature  rise  possibly  could  cause  melting  or  fracture  of  the  coating,  in 
addition  to  optical  distortion.  For  pulsed  irradiation,  as  the  pulse  duration  t 
becomes  shorter  with  respect  to  the  thermal  diffusion  time  t in  the  coating,  the 
absorption-generated  heat  in  the  coating  cannot  diffuse  out  of  the  heat-generation 


region  in  time  t . Thus,  for  a given  amount  of  energy  absorbed  in  the  coating. 


the  temperature  rise  will  be  greater  for  the  case  of  t < T than  for  the  case  of 


t » T . Also,  cooling  the  substrate  from  the  rear  surface  is  not  effective  for 


a single  microsecond  pulse. 


Nonlinear  effects,  such  as  two-photon  absorption,  nonlinear- index  defocusing. 


etc.,  that  arise  as  the  irradiance  I increases  (for  decreasing  t^  at  fixed  It  ) have 


36,37 


been  considered  previously  ’ and  were  discussed  above  in  the  treatment  of  the 
picosecond  damage  thresholds.  In  addition  to  melting,  fracture,  and  optical  dis- 
tortion, the  thermally  induced  thickness  and  refractive  index  changes  in  the  coating 
layers  change  the  reflectance  of  the  coatings.  This  effect  is  shown  in  Sec.  VIII  to 
be  negligible.  Scattering  is  important  at  the  high  ultraviolet  frequencies,  and 


Winsor  has  shown  that  entrapped  scattered  radiation  can  cause  increased  absorp- 

18 


tion  , However,  in  high-power  systems,  scattering  that  docs  not  lead  to  increased 
absorptance  tends  to  be  less  important  than  absorption  since  the  optical  distortion 
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and  fracture  resulting  from  the  temperature  increase  caused  by  absorption  usually 
limits  the  system  performance. 

The  temperature  distribution  in  the  coating  and  substrate  and  the  resulting 

stresses  and  optical  distortion  are  difficult  to  calculate  accurately  in  general. 

Estimates  will  be  made  for  the  two  limiting  cases  of  thermally  thick  and  thermally 

thin  coatings.  The  single-pulse  and  repeated-pulse  damage  and  optical  distortion 

will  be  treated  together.  In  general,  the  problem  of  calculating  thermally  induced 

stresses  is  complicated,  even  in  systems  having  cylindrical  geometry,  when  the 

temperature  is  a function  of  both  p and  z (cylindrical  coordinates)  as  it  is  in  the 

present  case.  However,  for  the  case  of  thin  coatings  (thickness  j?p  « substrate 

thickness  £g)  on  thin  substrates  ( Xg  « diameter  Dg),  the  stresses  in  the  layers 

25 

of  the  coating  can  be  estimated  fairly  simply 

Material  properties.  Such  materials  as  fluorides  and  oxides  that  transmit 
well  into  the  ultraviolet  region  generally  have  superior  physical  and  chemical 
properties  such  as  great  strength,  great  thermal  conductivity,  and  high  melting 
points.  The  values  of  the  index  of  refraction  tend  to  be  fairly  low;  thus,  many 
layers  may  be  required  in  multilayer  coatings,  as  discussed  above. 
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IV.  THERMALLY  THICK  DIELECTRIC  REFLECTORS 


In  multilayer  coatings,  the  absorption  usually  is  greatest  near  the  coating-air 
interface  since  the  irradiance  must  drop  to  near  zero  at  the  substrate  and  each  pair 
of  layers  reduces  the  incident  intensity,  roughly  speaking.  Thus,  most  of  the  heat  is 
generated  near  the  surface  of  the  coating.  A coating  will  be  called  thermally  thick  if 
a negligible  amount  of  this  heat  diffuses  out  of  the  coating  into  the  substrate  in  the 
duration  t^  of  a single  pulse.  That  is,  jfcp^  ^ !p,  where2’* 

JLf  = (N/2)(X/4)(nj1+  n^1)  = [1.81^m]  (4.  1) 

(with  F for  film)  is  the  coating  thickness  and 

£Ftp  = (4Kptp/Cp)I/2  = (KF/CF)1/2  20  urn  = [6.02  (im]  (4.2) 

is  the  thermal  diffusion  distance  in  the  coating  in  time  t . Here  ( N/2  ) is  the  number 

F 

of  pairs  of  quarter-optical-wavelength  layers  having  refractive  indices  n^  and  n., , 

X is  the  operating  wavelength,  and 


Kp  = [0.285  W/cmK  ] 


CF  = [3.14  J/cm  K]  (4.4) 

are  the  effective  values  of  the  thermal  conductivity  and  heat  capacity  per  unit  volur- 
for  the  many-layer  coating,  which  are  obtained  in  the  Appendix.  The  MgO/Mg! 
HfC^ /SiO^  coatings  are  not  thermally  thic<(  while  the  I hi  ^/SiO.,  coat  in;  is. 


f 


The  temperature  distribution  in  the  thermallv  thick  coating  and  s si  - 
be  estimated  as  follows:  At  the  end  of  a single  pulse,  negligibh  ‘ ti  >■  d 
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into  the  substrate.  Thus,  all  of  the  temperature  increase  occurs  in  the 
coating,  and  the  surface  temperature  is  given  by  (2. 1) , with  Cg  and  Kg 
replaced  by  the  effective  coating  values  Cp  and  Kp  from  (A.  5)  and  (A.  6) 
in  Appendix  A: 

TFpO  - 2ItpA(l/-rtpCFKF)1''2 

= 56.4(Cp  Kp)'1/2  = [59. 6 K]  . (4.5) 

The  additional  increase  in  the  temperature  in  the  coating  and  substrate 
resulting  from  continuous  repeated-pulse  operation  was  calculated  in  Sec.  II. 

The  quasi-steady-state  temperature  drop  across  the  substrate  T^grg  is  given 
by  (2.5) , and  the  temperature  drop  Tg^,  across  the  boundary  layer  of  the 
substrate-coolant  interface  is  given  by  (2.4).  The  resulting  temperature  of  the 
surface  of  the  coating  is  then 

TF0  - TFpO  + 6r<TSC  + TASrO>  = [59.6  + 6r(5/h  + 0. 179K  )]  (4,6) 

where 

6=1  for  continuously  repeated  pulses, 

= 0 for  a single  pulse. 

The  thermally  induced  optical-distortion  calculation  is  somewhat  involved,  even 

25 

when  the  simplifying  approximations  for  thin  coatings  and  thin  substrates  are  made. 
The  demonstration  in  Sec.  II  that  the  attachment  stresses  do  not  contribute  to  the 


< 

) 
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thickness  change  fails  for  the  case  of  a coated  substrate  because  the  factor  i/E 
in  (2. 15)  is  no  longer  independent  of  z and  cannot  be  taken  outside  the  integral. 
Thus  there  is  a nonzero  attachment-stress  contribution  A£a  to  the  thickness  change 
resulting  from  the  difference  in  the  values  of  pE  1 of  the  coating  layers  and  sub- 
strate. 


The  results  of  the  analysis  of  that  problem  given  in  Ref.  25  should  be  used  for 
thermally  thick  substrates  for  the  case  in  which  the  temperature  is  peaked  in  the 
coating  (that  is,  when  Xg(T)^  » j£p  (T)  is  not  satisfied)  when  great  accuracy 
is  required.  In  the  present  treatment,  in  which  the  thermally  thick- substrate  results 
are  only  used  formally  for  comparison  with  the  thermally  thin  results  of  primary  in- 
terest, the  attachment-stress  contribution  to  the  optical  distortion  is  neglected  in 
favor  of  the  clarity  and  simplicity  of  the  results.  The  resulting  values  of  (It^)  are 
often  accurate  to  within  approximately  five  percent  for  temperature  distributions  that 
are  peaked  in  the  coating  and  are  quite  accurate  (to  order  ^p/ J^g ) for  nearly  con- 
stant temperature  distributions.  In  the  worst  case,  the  error  is  of  the  order  of  30 
percent,  which  is  tolerable  for  the  present  estimates. 


When  the  attachment-stress  contribution  to  the  thickness  change  is  neglected, 
the  analysis  of  Sec.  II  is  valid  for  the  present  case  of  a thermally  thick  substrate  if 
the  substrate  variables  S are  replaced  by  the  coating  variables  F : 


no 

Pop 


CF(X/2G)/Aap  (1  + i/F) 

7. 14  x 10"5CF/aF(  1 + pF) 

= t 14. 0 J/cm2  ] , 

for  250  nm 

1.01  x 10'4  CF/aF  (1  + i/F) 

= t 19.81/cm2]  , 

for  354  nm  . < 
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For  repeated-pulse  operation,  both  the  coating  and  substrate  are  heated.  The 
same  failure  criterion,  A ^ = X/G  at  p = 0,  and  analysis  used  in  Sec.  II  gives 

X/2G  = A£F  + AXg  (4.8 


where  the  coating  expansion  is 


AXp  2=  ap(l  + |/p)  V dzTpp 


= ap(l+  l/p)  ItpA/Cp  (4.9) 

and  the  substrate  expansion,  from  Sec.  II,  is 

Aig  = <Vs<1  + FS><TSC  + <TASr>es)  ' (4.10) 

It  was  assumed  that  the  coating  is  much  thinner  than  the  substrate,  as  is  usually  the 

case;  then  the  contribution  apAp(l  + Fp)(Tg^  + T^gr)  to  AAp  is  negligible  with 

respect  to  AAC.  Solving  (4. 8)-(4. 10),  (4.4),  and  (4.5)  for  It  gives 
o P 


(It) 

P or 


(ItP>o, 


1 + h 


o\h  3Kg  / 


(4.11) 


where 


V*S^1  + ^s  ^ A ^ 1 ^ ^o  | 


tip(X/2G) 


Cp  lsas(l  +Fg) 

tipaF(1  + i'f) 


^(I+ia)  2 

= 10.0  Ct.  — — = [12.8  W/cm  K] 

FaFd  + FF) 
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Li 


For  perfect  cooling,  that  is  h » 3 Kg  / = [42.0  W/cm2  K],  (4.  11)  gives 


(It)  -[l0.7J/cm2] 

P or  h^0B 


The  amount  of  cooling  required  to  prevent  the  optical  distortion,  as  discussed 
above  (2.24),  is 


^Vop 

<v 


- 1 - 


ah  1 
o S 


134  W/cm'4  K 


Coating  stresses  and  strength.  Finally  consider  the  coating  stress  and 
fracture.  The  cases  of  thermally  thick  and  thermally  thin  coatings  will  be  con- 
sidered together.  Unfortunately,  reliable  estimates  of  the  stresses  in,  and  the 
strengths  of,  the  coatings  and  the  resulting  irradiance  limitations  cannot  be  made, 
and  the  failure  thresholds  will  have  to  be  determined  experimentally.  The  diffi- 
culties in  making  the  estimates  are  that  the  strengths  of  the  materials  in  thin-film 
form  are  not  known,  as  discussed  in  Sec.  Ill,  and  that  the  values  of  the  residual 
stresses  (the  stresses  in  the  coating  after  deposition  and  aging,  in  other  words, 
the  stresses  in  the  coating  before  the  laser  is  turned  on)  and  the  strengths  of  the 
bonds  between  layers  and  between  the  coating  and  the  substrate  are  not  usually 

known.  Furthermore,  the  other  properties  of  a deposited  material  can  be 

14 

different  from  those  of  the  bulk  material. 

Residual  stresses  are  discussed  in  Ref.  10  (pp.  90-100),  which  also  contains 
excerpts,  with  comments,  of  several  papers  on  stresses  in  coatings.  Reported 
values  of  residual  stresses,  which  can  be  great,  vary  considerably  with  the 
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b-  , 


> 


deposition  temperature  and  substrate  material.  The  residual  stress  in  a deposited 
film  is  believed  to  consist  of  three  components,  one  from  the  mismatch  of  the 
thermal  expansion  coefficients  of  the  film  and  substrate,  one  from  contaminants 
in  the  film,  and  one  intrinsic  contribution  that  is  not  well  understood.  Of  the 
materials  considered  in  the  application  below,  MgF2,  MgO,  Th02,  and  Hf02, 

the  residual  stresses  in  MgF2  have  been  measured.14  Most  of  the  MgF2  values 

4 4 3 

are  between  +10  and  + 7 x 10  psi  (tensile)  but  one  value  of  +10  psi  was 

24 

reported.  In  the  application  below,  where  the  thermally  induced  stress  is  com- 
pressive, including  a large  residual  tensile  stress  increases  the  damage  resist- 
ance of  the  MgF2  layers,  and  the  MgF2  layers  should  not  fail  for  any  value  of 

4 4 

residual  stress  between  +10  and  +7  x 10  psi. 

In  the  calculations  of  the  numerical  values  of  the  thresholds  for  failure,  the 
residual  stresses  are  set  equal  to  zero,  and  the  strengths  of  the  bulk  materials 
are  used.  Thus,  the  results  are  not  expected  to  be  very  accurate.  They  may 
tend  to  be  lower  bounds  since  the  film  strengths  could  be  greater  than  the  bulk- 
crystal  values,  but  this  is  not  certain  since  the  bond  between  layers  may  fail  and 
the  increase  in  strength  of  films,  if  any,  is  not  known. 

Thermally  induced  stresses  are  difficult  to  calculate  in  general  when  the 
temperature  is  a function  of  both  z and  p (cylindrical  coordinates) . However, 
in  the  present  case  a reliable  estimate  is  possible  because:  (1)  The  total  struc- 
ture thickness,  Xp  + Xg  ^ 0. 1 cm,  is  small  with  respect  to  the  diameter 
D 5 5 cm.  (2)  The  coating  is  much  thinner  than  the  substrate  (Xp  « Xg). 

Thus,  the  expansion  of  the  substrate  is  not  affected  by  the  coating.  A straight- 
forward analysis  in  Ref.  25  yields  the  stresses  at  z = p = 0 (where  the  magni- 
tudes usually  are  maximum,  as  in  the  example  herein): 


1 
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a,  = a,  - — 
1 1 res  1 


-Vj  (alTFO  " aSBS  ^S^g) 


(4.  14) 


where  TF(,  is  the  temperature  of  the  coating  at  z = p = 0,  and 


BS  2 ^ 1 + ) + 2 ^ 1 ’ VS  * rR 


= 0.716  + 0.284  vs  = [0.801] 


r = <T>R  = _L 
R ' (T)p=0  ' R2 


dpp  e 


1 / "aR  \ 

= — \1  - e )=  0.432  . 


Replacing  the  1 subscripts  by  2 in  (4. 14)  gives  ct2-  For  single  pulses,  the  substrate 
heating  is  negligible,  <T„>  2=  0,  and  (4. 14)  gives  the  well  known  result26 


o,  = a 


al  E1TF0 

1 - F, 


(4. 15) 


for  T independent  of  p,  which  is  also  valid  for  T(p)  in  the  limit  p -»  0. 


The  result  (4. 14)  for  the  stress  in  the  coating  can  be  understood  by  again  con- 
sidering a model  in  which  the  stress  is  a sum  of  two  terms.  A thin  layer  of  the 
coating  between  z^  and  + Az  is  considered  as  detached  from  the  rest  of  the 
structure,  and  the  thermal  stresses  in  the  layer  arc  calculated  as  the  first  term. 
The  second  term  is  the  stress  required  to  bring  the  layer  back  to  the  same  con- 
figuration (same  displacement  along  the  radial  direction  p)  as  the  rest  of  the  struc- 
ture. This  scheme  was  discussed  briefly  above  and  in  Sec.  II,  and  is  considered  in 


detail  in  Ref.  25. 
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The  limit  (Itp)^  on  Itp  set  by  fracture  is  easily  obtained  from  (4. 14)  by  first 
setting  cr.  =a.  „/f  if  a.  is  positive  (tensile),  or  a.  = - | a,  If  if  a0  is  negative  (com- 

1 1 l S 1 1 ICS  z 

pressive),  and  solving  for  It  . Here  the  safety  factor  f is  usually  chosen  as  f =4, 
and  Oj  t and  £ are  the  tensile  and  compressive  strengths  of  coating  material  1 . 

The  same  procedure  is  repeated  for  layer  2.  The  value  of  (Itp  )^  is  then  the  lower 
of  these  two  values.  This  gives 


<Vt  - - 


1 - V: 


T <V, 

4F0  d 5 

a.  - — - acBc  — 

i IL  S S it 


(4. 16) 


where  a ^ is  either  ct1(;,  a2t’  alc*  or  °2  c 1 is  eit^er  1 or  2,  according  to 
the  selection  procedure  described  above  (4. 16).  The  signs  of  cr  and  Op  must  be 
observed  (positive  for  tension  or  negative  for  compression).  The  value  of  Tpg  is 
given  by  (4.6)  (or  by  (5.6)  with  T^Fp  = T^Fp0  for  the  thermally  thin  coatings  dis- 
cussed in  Sec.  V),  and  from  the  term  in  (2.7), 


<TS>e  * 6r  (Tsc+<TASr>J  = t«r  Wh  + °-n9  K>1 


(4. 17) 


for  both  thermally  thin  and  thermally  thick  coatings.  When  the  compressive  strengths 
oc  are  not  known,  the  rule  of  thumb 


°c  ~ 8ot 


(4. 18) 


can  be  used  a r,  an  estimate. 


For  a single  pulse,  (4. 16)  gives 


‘V.P  - * Mr- *«)  (t? 


= [ 12.4  J/cnr  ] , 
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By  using  (4. 19)  and  Tp^  = Tp  q + Tg^  + T^g^ » (4. 16)  can  be  written  in  the 
more  convenient  form 


(It  ) = "(It)"  (1  + c + h./h) 

P fr  P fp  f 


h -»  ® P fp 


"(It  )"  (l  + cf1  = [12.4  J/cm2  ] 


(4.20) 


where 


h = ( Tsc h ) 1 1 _ aSBS 

f T 


FpO 


a. 

i 


= [ 5. 19  X 10‘2  W/cm2  K J 


(4.21) 


and  € , which  is  often  negligible,  is 


T 

ASr 

T 

FpO 


1 - 


3 


< TASr  )JLS  aS 
TASrOai 


(4.22) 


= [ 2. 24  x 10  ] 


The  quotation  marks  on  "(It  )"  are  a reminder  that  a different  layer  can  fail  in 

P fp 

repeated-pulse  operation  than  in  single-pulse  operation  and  that  the  failure  can 

change  from  compressive  in  single -pulse  to  tensile  in  repeated-pulse  operation. 

Then  the  sign  of  crr  in  (It  ) in  (4.19)  can  change  and  i can  change  from  1 to  2 
*'  P fp 

or  vice  versa.  An  example  is  encountered  for  the  1 lfO.?/SiO coating  in  Sec.  IX. 

The  cooling  required  to  prevent  fracture  (tiiat  is,  to  keep  It  less  than  ( It  F ) 
is  obtained  by  solving  (4.20)  for  h : 


80 


See.  15-IV 


h 


'(Vi„ 

It 


= [0.216  W/cm2  K ] . 


(4.23) 


As  discussed  above,  the  values  of  cr  s usually  are  not  known.  In  such  cases, 
setting  crireg  = 0 in  (4.20)  and  (4.23)  affords  an  estimate  of  the  values  of  (Itp)f 
and  h,  but  the  accuracies  of  the  estimates  are  expected  to  be  poor. 

Melting.  In  Sec.  Ill  under  the  paragraph  heading  of  single-pulse  damage 
threshold,  failure  by  melting  of  a coating  layer  was  discussed.  Since  the  details 
of  the  melting  damage  process  are  not  known  in  general,  the  estimate  of  the  value 
(I,:p)m  of  the  energy  density  at  which  failure  by  melting  occurs  is  necessarily 
imprecise,  which  may  not  be  important  in  the  cases  considered,  as  discussed 
below.  It  is  assumed  that  failure  occurs  when  the  temperature  of  any  layer  of  the 
coating  formally  reaches  the  value  Tm  + Hf/C,  where  T is  the  melting  temper- 
ature, Hf  and  C are  the  heat  of  fusion  and  heat  capacity  of  a layer,  and 
Hf/C  s Tf  is  an  effective  temperature  rise  that  makes  the  energy  CTf  equal  to 
the  heat  of  fusion. 

For  an  MgO/MgF2  coating,  the  value  of  the  temperature  rise  to  failure  of  MgF2 

is  + Hj/C  = ( 1221C  - 20C)  + 1250  K/3.  14  = 1600  K,  which  is  less  than  that  of 

MgO ; thus,  the  failure  occurs  by  melting  of  the  MgF2  layer  near  the  coating 

surface.  The  values  (It  ) or  (It  ) of  the  energy  density  at  which  this 

P mp  P mr 

failure  occurs  for  single-pulse  or  repeated -pulse  operation  are  easily  obtained 

2 

by  scaling  from  lOJ/cm  at  Tpp0  or  Tpr{)  to  the  value  of  It  at  Tm  + Hf/C: 
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<I,p)mp  " [<Tm  + VC>/TFpo]  10J/cm2 

= ( 1.60  x 103  / 47.2)  = ( 339  J /cm2 ) (4.24) 

‘Vmr  ’ [<Tm+lVC>'TFro]  10  W 

= [l.60x  103/(47.2  + 5/h)]  ytT"305k  (4.25) 

where  Tm  is  measured  with  respect  to  the  initial  temperature.  Values  of 

(It  ) and  (It)  for  various  coating-substrate  combinations  are  listed  in 
P mp  P mr  ° 

Table  II. 
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V.  THERMALLY  THIN  DIE LECTRIC  REFLECTORS 

l'lu'  case  of  thermally  thin  coatings,  £p<  £p  , is  somewhat  more  complicated 
than  that  of  thermally  thick  ones.  For  the  extreme  case  of  £p  £p  very  we^ 
satisfied,  the  analysis  is  simple  since  the  coating  can  be  neglected.  In  particular,  the 
temperature  drop  across  the  coating  is  negligible  with  respect  to  the  temperature  at 
the  coating-substrate  interface.  The  following  results  from  Sec.  II,  which  are  sum- 
marized in  Sec.  X(c)  and  X(c),  are  then  valid:  Tp^  from  (2.7);  Tp  q from  (2. 1);  Tg^, 

from  (2.4);  T.„  n from  (2.5);  (It  ) from  (2.18);  (It  ) from  (2.21);  and  h 
uoru  p op  p or 

from  (2.24). 

These  extreme  values  are  not  very  accurate  for  the  cases  considered  since 
£p  ^Ftp  *S  not  sufficicntly  well  satisfied.  Thus,  improved  approximations  will 
now  be  developed.  First,  notice  that  the  value  of  the  energy  density  for  optical- 
distortion  failure  in  a single  pulse,  ( It^  ) , lies  between  the  value  (2. 18)  for  the 

substrate  and  the  value  (4.7)  for  the  coating.  In  the  examples  below,  this  deter- 
mines the  value  of  ( It  ) to  within  a factor  of  approximately  two. 

P p 

The  temperature  distribution  in  a thermally  thin  coating  can  be  estimated  as 
follows;  For  this  case  of  £p«  JLp-^,  the  thermal  diffusion  time 


TF  = Cp  £p  / 4 Kp  = [ 9.02  x lO  8 s ] 


(5.1) 


for  heat  to  diffuse  across  the  film  thickness  £„  is  much  less  than  t . Thus,  the 

F p 

temperature  distribution  in  the  coating  has  reached  its  quasi-steady-state  value 


rF  1AFp+  rFSp  + 6r(  *ASrO  + lSC) 


(5.2) 
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I 


where  Tpg^  is  the  temperature  rise  of  the  coating- substrate  interface  resulting 
from  a single  pulse,  6r(TASrO  + Tgp,)  is  defined  in  (2.4)-(2.7),  and  is  the 

solution  to  the  steady- state  problem 


d2TA 

-KF  = I Ak 

dzz 


(l-e  F) 


-kz 


with  ^pp  = 0 at  z = Xp  and  / dz  = 0 at  z = 0 . The  source  term  on  the  right- 

hand  side  of  (5.3)  corresponds  to  absorption  that  decreases  exponentially  into  the 
coating  (as  a result  of  the  decrease  in  irradiance  I).  The  solution  to  (5.  3)  with  the 


given  boundary  conditions  is 


1- JL+  > ( 


■kil,p  -kz ' 


) • 


The  value  of  the  exponential  prefactor  in  (5. 4)  was  chosen  to  make  the  heat  flow, 

J = IA,  equal  to  -KpdT/ dz  at  z = JL p;  that  is,  to  give  overall  absorptance  A in 
the  coating.  In  a low-loss  reflector,  the  absorptance  by  the  substrate  must  be  small, 
which  implies  that  exp(-k£p)  must  be  small.  Setting  exp(-k£p)  = 10‘3  gives  kXp 
= 6.91,  and  (5.4)  becomes 


and  at  z = 0, 


^AFpO 


0. 855  I A A 


- = 4.28  x 104  £_/K„ 
F F 


4.28  x Iff  ip/Kp  = [27.2  K ] 
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In  order  to  estimate  the  value  of  Tp^,  equating  the  absorbed  energy  per  unit 

area  Itp  A in  a single  pulse  to  the  energy  increase  in  the  corresponding  volume 

2 

gives  (for  t short  with  respect  to  the  diffusion  time  Cg.£g  /4Kg  across  the  sub- 
strate) 


• £g  + ^P 


It  A = 
P 


d z C(z)T  (z) 


CSTFS^SA+  < 0,415  TAFpO  + TFS) 


where 


*SA  = ^(tp  - tF  ) Kg / 4 Cg  ] 

= 8.86x  10'4  [(1  - rF/t  ) Kg/Cg]V2 


= [ 6. 19  ^m  ] 


Solving  for  Tpg  gives 


I A ( t - 1.42  rF) 


1 Sp  cs£sa+cf% 


= | 20.0  K ] . 


In  the  limit  £p  «<  l , the  factors  1.42  rp  and  Cpjtp  in  (5.8)  and  t,..  in  (5.7) 
arc  negligible,  T^p^  « Tps  , and  (5.2)  gives 


rFp()  “ rFSp  ” IAtp/CS£AS 

= 5.00  x 10"2(Cg^AS)']  = [29.5  K 1 


which  is  equal  to  Tp^  in  (2. 1),  giving  the  correct  limit.  For  h = 
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(TFOr)h  = - TAFpO  + TFSp  + TASrO 


= [27.2K  + 20. OK  + 0.20K  1 = [47.4  K]  . 


Next  consider  the  thermally  induced  optical  distortion.  As  discussed  in  Sec.  IV, 


the  attachment-stress  contribution  to  the  thickness  change  of  the  coating  and  substrate 


is  neglected.  The  resulting  error  in  the  single-pulse  optical -distortion  threshold 


(It  ) for  the  MgO/MgF„:Mo  reflectors  is  only  3.7  percent,  and  the  error  for  re- 
P op  1 


peated-pulse  operation  is  even  smaller.  The  expected  overall  disagreement  of  the 
theoretical  and  experimental  results  is  greater  than  this  value  of  3.7  percent. 


Nevertheless,  the  correction  for  the  attachment-stress  contribution  to  the  thick- 


ness change  is  calculated  in  Ref.  25  , and  the  correction  can  be  applied  to  new 


cases  to  insure  that  the  error  is  not  anomalously  great  and  to  obtain  the  greatest 


theoretical  accuracy. 


When  the  attachment-stress  contribution  is  neglected,  the  single-pulse  optical- 


distortion  threshold  is  obtained  from  the  expression 


A / 2 G = A£pp  + Ms 


(5.  10) 


where 


A^Fp  aF  ( 1 + 


f F 

PF)  ^ dx(1AFp  + IFSp) 


apApU  + Vp)(0.4i5  r^ppQ  + TpSp) 


(5.11) 


A*Sp  aS(  1 + "S*  rFSpXSA 


(5.  12) 


J 
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L n 


Using  T = (T/Itp)Itp,  where  T/Itp  is  independent  of  I,  for  the  three  T's  and 
solving  (5.  10)-(5.  12)  for  Itp  gives 


(It)  = (X/2G)  It 
Pop  P 


aS£SA(  1 + "s^FSp 


+ aF£F(  1 + pF)(0.415T^Fp0  + TpSp) 


= [21.4  J/cm  ] 


(5.  13) 


This  form  of  (It  ) is  preferred  since  the  T's  will  be  calculated  separately;  how- 
P p 

ever,  (It  ) can  be  expressed  explicitly  in  terms  of  the  material  parameters  as 
P p 


<V„P  = W 


1 + Fg)  + apiF(  1 + Pp) 


1'1-42rF/tp 
CS  £SA+CF£F 


+ 1 + yF^  K t ( 

" P J 


0. 355  | 
:F 


-1 


(5.  14) 


The  analysis  of  the  continuously  repeated-pulse  optical  distortion  for  the  ther- 
mally thin  case  is  similar  to  that  for  the  thermally  thick  case.  The  results  are: 


(V 

P or 


(It  ) 
Pop 


h -*  *> 


.[  14.7  J/cm  | 


(5.  15) 


and 


93 


Sec.  B-V 


h = h 


<"p)od 

It 


- 1 


4ch 
S o 

3 K 


-I 


= [28.1  W/cm  K ] 


(5.  16) 


where 

ho 


ZSaS(  1 + t/'s)  A(Itp)od 


tip(X/2G) 


= 1. 40  X 10  Olg  ( 1 + ys)  (It  ) 


P op 


= 9.89  x 104as(  1 + i/g)(It  ) 


op 


[19.1] 

[19.1] 


for  250  nm 


for  354  nm 


(5.  17) 


The  value  of  h is  independent  of  (X/2G)  (since  (It  ) ~ A/2G). 

° Pop 

Equation  (5. 15)  can  be  rewritten  in  the  following  form,  which  is  useful  in  calcu- 
lating one  contribution  to  It  when  the  other  contributions  are  known, 


(It  ) 

' p or 


+ 


J—  + L 


flt  ) (It  ) 1 (It  ) 

P op  P SC  P AS 


(5.  17a) 


where 


(It  ) 

P SC 


htip(X/2G) 

0(g  ig(  1 +l>s)  A 


= 7. 14  x 10 


V1+V 


= [31.4  J/cm  ] for  It  = 28. 1 W/cm*  k 


is  the  contribution  to  It  from  TQr,  and 

p b 
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3t  K (X/2G)  , K<. 

dt  ).  = ^ = 2. 14  x 10 

P As  a as  *2  ( 1 + i/q)  A a“s* 


S' 


= [46. 9J/cm2] 

is  the  contribution  to  1 1^  from  . For  the  example  of  MgO/MgF2:Mo  at  250  nm, 
the  numbers  corresponding  to  (5. 17a)  are  (10)”1  = (21.4)-1  + (31. 4)'1  + (46. 9)"1 . 

For  MgO/MgF2  on  invar  at  250  nm. 


s-2 


*tiP  = 3.89X  10  cm , a = 1.42 


(It  ) = 24.0  J /ciri  , 

P op 

(Itp)sc  = 44-5J/cm2 


(It  ) - 10.0  J /cm" 

P or 


(IVas  = 28*0J/cm" 


at  h = 4.02  W/citi  K . 


For  Hf02  /Si02  on  invar  at  354  nm, 

Xtip  = 3‘89x  10"2  cm  , a = 1.42 


(It)  = 346  J/cm  , 
P op 


(Itp)sc  = 13*9J/c™ 


(Itp)or  = 10*°J/cm" 


(Itp^s  = 39*7J/cm" 


at  h = 0.886  W/cm  K 


The  coating  stress  and  fracture  analysis  for  thermally  thin  coatings  is 
formally  the  same  as  the  thermally  thick  coating  analysis  of  Sec.  IV.  The 
results  are: 
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<Vfp 


/Op 

VS 


1 -|/:\  / It 


- cr. 


res 


a-  E. 

. ui  i 


FpO  i 


= [ 17.2  J/ern  ] 


(It  ) ="(It  ) "(l+c+  h /h) 

P fr  P fp  r 


-1 


(It  ) ”(1  + O'1  = [17.2  J/cm2  ] , 


h -»  oo  P f p 


h.  = 


f T, 


Tsch  / 1 _ “sBs 


FpO 


ai 


= (6.59x  10"2  W/cm2  K ] 


and 


h = h„ 


"iliic  - 1 - c 

It 

P 


-1 


[9. 18  x 10'2  W/cm2  K] 


e = 


TASr 

TFpO 


1 - 


^ 1 A Sr  ^ X<,  “s 
1 A SrO  a i 


= [2.83  x 10"3  ] 


(5.18) 


(5.19) 


(5.20) 


(5.21) 


(5.22) 
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\t.  adaptive  orncs  and  substrate  materials  and  cooling 


Typical  values  of  lioat -transfer  coefficients  li.  Values  of  h at  least  as  great 
2 


as  several  hundred  W/cm  K are  desirable  in  some  applications.  However,  such 
great  values  of  h are  well  beyond  the  state  of  the  art.  Typical  attainable  values 
of  h are  as  follows : 


2 „ 


• h = 40  W/cm  K.  Tliis  greatest  value  of  which  we  are  aware  was 


attained  by  using  a high-temperature  liquid  metal  coolant  and  state-of-the-art 


38 


techniques.'  Maintaining  optical  tolerance  was  not  a requirement  of  the  system. 


• h - 10  W/cm  K . State  of  the  art  for  reflectors  with  water  cooling  at 

39 


high  pressure  and  great  turbulence. 


• h — 1 W/cm  K.  Good  value  for  liquid  coolants. 


• h = 6 x 10  ^ W/cm^  K.  Best  value  obtained  with  gas  coolant.-^' 


-4  2 

• h = 6. 12  x 10  W/cm  K . Formal  value  for  radiative  cooling  of  a body 


with  emissivity  e = 1 and  temperature  T = 300  K + AT,  where  AT^SOOK, 
radiating  into  temperature  T = 300  K : cr[(300  + T)**  - (300)"*  ] 4(300)'^  oT  = hT . 


-4  2 

h = 3 x 10  W/cm  K.  Convection  in  a still  room  for  plate  geometry. 


-4  2 41 

• h a;  10  W/cm  K.  Convection  in  a still  room  fora  small-rod  geometry. 


The  state  of  the  art  in  high -power  mirrors  is  h — 10  W/cm  K for  a water- 


cooled,  20  mill  (0.51  mm)  -thick  molybdenum  face  plate  polished  under  operating 


39 


pressure  (400  psi  pressure  drop).  The  lowest  surface  distortion  was  16  nm 


(Av/40,  where  Ay  = 632.  8 nm),  and  the  greatest  value  of  the  heat  transferred  to 


the  coolant  was  ~ 2 kW/cm  . 
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The  current  requirements  are  somewhat  different.  The  value  X/40  = 6 nm 

at  X/250  nm  requires  a factor  of  approximately  three  improvement  over  the 

2 

state  of  the  art,  but  the  heat  removed,  5 W/cm  is  a factor  of  400  smaller  than 
the  state  of  the  art.  The  maximum  possible  value  of  h is  needed. 

Work  on  invar  reflectors  at  the  Garrett  AiResearch  Corporation  was  abandoned 

several  years  ago  in  favor  of  molybdenum  as  a result  of  technical  difficulties  in 

fabricating  the  invar  structure  (connection  of  the  face  plate  to  the  cooling/support 
39 

structure).  It  would  be  worthwhile  to  determine  if  these  difficulties  could  be 
overcome  since  invar  is  far  superior  theoretically  to  SiC,  Mo,  C,  Ag,  and  Au, 
as  seen  in  Table  II  of  Sec.  I.  The  properties  of  invar  reported  in  the  literature 
vary  considerably.  In  Ref.  33  the  following  values  of  the  thermal  expansion 
coefficient  for  invar  were  given:  oc  = 1.98  x 10  ^ K * for  - 129  C < T < - 18  C : 
a=  1.26  x 10'6K_1  for  -18C<T<93C;  and  a = 2.  70x  l(f6  K'1  for  93C<T<  204C. 
Apparently,  values  as  low  as  a = 0.3  x 10  ^ K * have  been  attained.  The  value 
a = 0.5  x 10  ^ K 1 is  used  in  the  present  study,  in  which  the  maximum  temperature 
rise  of  the  invar  is  75  K for  a small  region  near  the  surface  at  the  end  of  a pulse, 
or  19. 7 K for  the  average  temperature  (T^gf)  . 

Cobalt-iron-chromium  negative-expansion  substrate.  The  second  edition  of 
the  American  Institute  of  Physics  Handbook  reports  that  cobalt-iron-chromium 
(53.0  to  55.5  Co;  35.0  to  37.5  Fe;  9.0  to  10.5  Cr)  has  expansion  coefficients  rang- 
ing  from  - 1. 1 x 10  K to  +1.7  x 10  ° K on  the  temperature  range  20  to  60  C. 
This  suggests  the  possibility  of  partially  compensating  for  the  coating  expansion 
if  the  expansion  coefficient  of  this  alloy  can  be  tailored  to  give  a small  negative 
value.  No  other  information  has  been  obtained  on  the  alloy  at  present. 
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Silicon  carbide  is  slightly  better  theoretically  than  molybdenum,  and  scatter- 
ing may  be  less  of  a problem  since  SiC  can  be  polished  better  than  Mo.  However, 
it  is  anticipated  that  the  fabrication  of  SiC  reflectors  would  be  much  more  difficult 
than  the  fabrication  of  Mo  reflectors.  Even  though  sintered  SiC  can  be  machined 
before  firing,  such  problems  as  attaching  a 0.5  mm -thick  face  plate  to  the 

support/cooling  structure  (or  avoiding  this  problem  by  such  a method  as  using 

2 

single-piece  construction)  and  attaining  10  W/cra  K heat  transfer  are  expected 
to  be  sufficiently  difficult  that  the  slight  gain  in  performance  would  not  warrant 
the  increased  complication  in  general.  Furthermore,  the  advantage  of  lower 
scattering  of  SiC  than  of  molybdenum  will  not  be  a major  consideration  if  invar 
also  can  be  well  polished.  Finally,  a successful  invar  substrate  would  have  far 
greater  impact  than  a successful  SiC  substrate  since  the  former  would  afford  a 
solution  to  the  reflector  problem  for  the  model  system,  while  the  latter  would  not. 

The  severity  of  the  reflector  problem  suggests  that  such  engineering  solutions 
as  the  following  be  investigated : 

Heat-pipe  mirrors.  An  attractive  concept  for  high -power  mirrors  is  the 
42  -44 

heat-pipe  mirror.  In  a five -centimeter -diameter  heat-pipe  mirror, 

2 

350  W/cm  with  a total  of  729  W of  heat  was  removed  from  the  center  of  the 

mirror  while  maintaining  a total  temperature  difference  of  less  than  1 K over  the 

42  44  2 

mirror.  ’ In  the  model  system  under  consideration  only  5 W/cm  will  be 

removed  at  the  center  of  the  reflector,  but  the  diameter  will  be  greater,  say,  up 
to  ~ 15-20  cm,  and  the  temperature  difference  corresponding  to  a thickness  dif- 
ference of  X/80  for  a 0.  lcm-thick  molybdenum  substrate  is  less  than 
AT  ^ X/80  ttj.  = [0.625  K]  by  an  amount  that  depends  on  the  thickness  change 


99 


J 


Sec.  B-VI 


resulting  from  the  single-pulse  heating  of  the  thin  surface  layer  of  the  reflector 
and  from  the  temperature  distribution  across  the  substrate.  A typical  value  is 
AT  = 0.25K.  D.  L.  Jacobson^  believes  that  the  likelihood  of  attaining  these 
specifications  is  sufficiently  great  to  warrant  experimental  investigation.  Use  of 
a heat -pipe  mirror  in  conjunction  with  adaptive  optics  could  prove  interesting. 

Adaptive  optics  for  lower  h . In  principle,  corrective  optics  could  be  used 
to  compensate  for  thermally  induced  optical  distortion,  thereby  allowing  the  sub- 
strate temperature  to  increase  and  allowing  successful  operation  with  available 
values  of  heat-transfer  coefficient  h.  In  some  applications,  fixed  corrective 
optics  possibly  could  be  used.  When  the  laser  is  turned  on,  the  distortion  would 
be  great  until  the  thermal  steady  state  is  reached.  For  state-of-the-art  cooling 

( h = 10  W/cm  K and  = 0.5  nm)  of  a molybdenum  substrate,  the  time  constant 

-2 

Tg  is  quite  small,  r^,  = 1.3  x 10  s , as  will  be  shown  below.  Thus,  only  the 

first  few  pulses  of  a 100  Hz  system  would  be  optically  distorted,  which  should  be 

tolerable  in  many  systems.  The  initial  distortion  could  in  principle  be  reduced 

by  using  adaptive  optics,  which  would  be  especially  useful  in  systems  where  state- 

of-the-art  cooling  is  not  practical.  For  example,  for  = 1 mm  and 
2 

h = 0.  1 W/cm  K , the  time  constant  is  T =2.61  s . Another  example  of  the  use  of 
adaptive  optics  is  the  use  in  conjunction  with  an  uncooled  substrate,  as  discussed 
be  low . 

For  large  corrections  by  the  adaptive  optics,  the  optical  path  difference  is 
controlled  by  the  value  of  T<,£  = I A t Ajph  . The  coating-independent  distortion 
is  then 
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V - 2AJs  = *asl1  + vs>Tsc 


- 2 I A t a.  ( 1 + 12, ) / 1 . h 
p S S ip  ao 


= 10as(I+^s)/h  , 


AiS  _ fopd  _ IAtpas(l  + i/s)2G 


X/2G  X/G 


h =10  W/cm2  K 
ao 


(6.1) 


Xt.  h 
ip  ao 


1.40  X 10 7 a_(  1 +Uc)/h  , 


for  250  nm 


(6.2) 


[9.10]  , 


AX  X j fs 

Xji=-xh=  9-89Xl°  as(1+^)/hao  • 


for  354  nm 


h =10  W/cm2  K 
ao 


[6.43] 


(6.3) 


Thus,  for  a molybdenum  coating  at  250  nm,  the  adaptive  optics  would  have  to 

2 

correct  for  Xq^  ~ 9.1  (X/G)  while  maintaining  X/G  tolerance  at  h = 10 W/cm  K, 

2 

For  h = lW/cm  K,  the  correction  would  be  X ^ = 91  (X/G)  at  250  nm. 

The  feasibility  of  an  adaptive  optics  system,  or  even  nonadaptive  corrective 
optics,  should  be  carefully  studied  theoretically  before  undertaking  laboratory 
investigations.  The  technical  problems  of  correcting  for  several  hundred  times 
X/G  while  maintaining  X/G  could  be  severe.  The  time  constant  would  range 
from  a small  fraction  of  a second  to  260  s in  the  systems  considered.  Even  in 
the  absence  of  thermal  distortion,  obtaining  (and  indeed  even  measuring)  the 


I 
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required  low  figure -error  tolerance  for  the  large  optics  will  require  considerable 
improvement  over  the  best  results  obtained  to  date,  as  discussed  in  Sec.  I. 


Since  adaptive  optics  will  be  required  in  order  to  reduce  the  optical  distortion 
21 


from  the  windows,  a single  system  should  suffice  for  both  the  window  and  mirror 
corrections.  The  possibility  of  improving  the  performance  of  an  adaptive-optics 
system  by  programming  in  an  expected  correction  (theoretical  value  that  is  fine- 
tuned  experimentally)  plus  an  active  feedback  correction  could  be  considered. 


As  an  alternative  to  adaptive  optics,  rapid  interpulse  cooling,  that  is  operating 


for,  say,  one  or  two  seconds  and  then  rapidly  cooling  the  optics  has  been  discussed. 
However,  even  in  cases  in  which  this  type  of  operation  is  acceptable,  the  technical 
difficulties  are  great.  In  principle,  the  radial  temperature  distribution  of  the 
coolant  could  be  tailored  to  reduce  the  optical  distortion,  but  again  the  technical 
difficulties  would  be  great. 


,-2 


Time  constant  for  cooling.  The  above  value  of  1.3x10  s for  the  time 

.23 


constant  can  be  obtained  from  the  expression" 


i-2 


Tc  = CgXg/h  = (2.61)  (0.05)/ 10  = 1.3X10  s 


(6.4) 


for  the  time  constant  for  the  surface  cooling  of  a thermally  thin  substrate.  The 


thermally  thin-substrate  condition  £<.  <£■  Kg  / h is  sufficiently  well  satisfied 


since  i_  = 5 x 10  cm  and  K„  /h  = 1.4  / 10  = 0. 14  cm  . The  numerical  values  are 

l)  ^ 


for  the  case  of  molybdenum.  A rough  check  of  this  value  of  T^=  1.3  x 10  “ from 


(6.4)  is  obtained  by  equating  the  energy  per  area  P Id  - AT  CT  £ = ( | /h)CQ£c  = 

u O D O 


( 5/10)(2.61)  (0.05)  = 6.53  x 10  ^ | /cm^  in  the  steady  state  to  the  energy  per  area 


_■> 


added  in  time  t ; that  is,  1 t^A(t/tj^)  = 5t  , which  gives  t = 6.53  \ 10  "/ 5 - 
-2 

1.31  x 10  s , in  agreement  with  the  value  in  (6.4). 
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I 


The  total  cooling  time  T = is  approximately  equal  to  the  surface 

2 -3 

cooling  time  r^,  because  the  time  7\.  = C<,  /4  = 1. 17  y 10  s for  thermal 

diffusion  through  the  substrate  is  much  smaller  than  r^,  • This  condition  t<.  < r(, 
is  essentially  equivalent  to  the  substrate  being  thermally  thin  (■£<.  K<./h) . 

Uncooled  substrate  with  adaptive  optics.  If  a satisfactory  adaptive  optical 

system  could  be  developed,  a thick  uncooled  reflector  substrate  could  be  used  for 

operation  for  a limited  time  such  as  60  s . However,  it  will  now  be  shown  that  if 

2 

the  great  heat-transfer  coefficient  h = 10  W/cm  K is  attained  in  the  model  system, 
the  amount  of  correction  required  by  the  adaptive  optics  is  considerably  less  for 
the  cooled  than  for  the  uncooled  substrate.  An  uncooled  invar  substrate  operated 
for  60  s requires  a correction  i /2G)  — 100,  which  is  the  same  correction 
required  for  a 0. 1 cin-thick  molybdenum  face  plate  with  h = 0.64  W/cm  K.  This 
value  of  100  is  an  order  of  magnitude  greater  than  the  value  of  9. 1 from  (6.2) . 

The  simplicity  of  the  uncooled  invar  substrate  may  dictate  its  use  in  some  applica- 
tions. The  time  constant  of  the  adaptive  optical  system  would  be  much  longer  for 

_2 

the  uncooled  substrate  (~  60  s)  than  for  the  cooled  substrate  (as  small  as  10  s , 
depending  on  the  value  of  h) . 

During  the  60  seconds  of  operation,  the  thermal  diffusion  distance  in 
molybdenum  is 

^s6o  = [4(1.4)60/2.61]  1/2  = 11.35  cm  . (6.5) 

Since  this  value  is  greater  than  the  distance  over  which  the  irradiance  changes 
substantially,  the  radial  diffusion  will  decrease  the  severity  of  the  problem.  As 
an  upper  bound  to  the  thickness  change  , neglecting  radial  diffsuion  and 


9 


! 
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using  (2. 10)  and  (2.9)  , with  It  replaced  by  the  total  energy  density 
I tp(t /rip)  = 6 x 104  J/ein2  , gives 

•^V'  + V'p^'ipS  = 300as(l  + Ps)/cs 

< [7.35Mrn]  - [1.45  X 103(X/2G)]  , (6.6) 

for  X = 354  nm . The  amount  by  which  A-£g  is  below  this  bound  depends  on  the 
size  and  shape  of  the  substrate.  Several  models  afford  estimates  of  the  reduction 
in  Aig  resulting  from  radial  diffusion. 

The  temperature  at  the  center  of  a Gaussian  beam  incident  on  a semi-infinite 

13 

medium  for  cw  irradiance  I is 

cw 

T = 7T1/2  I AD  /8KC 
00  cw  e S 

where  De  is  the  diameter  at  which  the  irradiance  is  e’1  times  the  center  value  I . 

For  the  present  case,  formally  setting  I = (I  } = It  /t.  gives 

cw  t p ip 


T = rr1/2  I AD  t / 8 1.  Kc 
00  e p ip  S 


= 1. 11  D /Kc 

G b 


For  D^  - 5 cm  and  Kg  = 1.4  W/cm  K for  molybdenum 


T = 3.  96  K 


which  is  a very  small  temperature  rise.  A very  crude  estimate  of  the 
corresponding  value  of  A^g  is 

A£  /(X/2G)  ^ [400] 
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s. 


l or  a two-cent  imoter-lhick  molybdenum  substrate,  10  cm  in  diameter  with 
a Gaussian  beam  that  is  down  by  exp(-alO  = exp(-2)  at  the  rim  (p  = 5cm),  the 
average  temperature  is 

I A t t 2 

T = — — ( 1 - c~aR  ) = 24.  OK  (6.10) 

Ccjfct.  .,2 

S S i p all 

and  again  the  temperature  rise  is  not  excessive. 

As  a simple  order-of- magnitude  estimate,  the  difference  in  temperature 
between  the  center  (p  = 0)  and  rim  (p  = R = 5cm)  of  the  mirror  is  approximately 
equal  to  the  value  of  T at  p = 0 at  the  end  of  t = (CgR^/4Kt.)1^  = 11.7s,  which 
is  AT  ~ 20  K for  = 2 cm.  Thus,  the  adaptive  optical  system  would  have  to 
correct  for 


l . 
opd 

XT cT 


as£s  AT 

2(A/2G) 


[280  | 


(6.  11) 


The  factor  of  1/2  accounts  for  the  equal  expansion  of  the  front  and  rear  surface, 

in  contrast  to  a factor  of  1 for  a thin  face  plate,  which  is  supported  with  its  rear 

surface  in  a plane.  These  estimates  indicate  that  ^/(A/G)  =?  300  to  400, 

which  is  considerably  greater  than  the  value  of  6.4  from  F,q.  (6.3)  for  molyb- 

2 

denum  with  the  great  value  of  h = 10  W/cm  K.  The  value  of  £ ^ / (A/G)  Sf  350 

2 

corresponds  to  the  cooled-substrate  case  of  h = 0.  19  W/cm  K. 

For  an  uncoolcd  invar  substrate,  (6.9)  and  (6.5)  give  A£g/(A/2G)  = 120  and 

lc,n  = 3.01cm 
S60 
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A simple  estimate  of  the  reduction  in  the  value  A2g/(A/2  G)  resulting  from  radial 
diffusion  gives 

A£S/(X/2G)  ^ 100  (6.12) 

The  surface  temperature  corresponding  to  (6. 12)  for  a two-centimeter  thick 
substrate  is,  from  (2.  1)  with  t^  replaced  by  t t/t.  and  with  a reduction  by  the 
factor  100/120 , 

T = 59.0  K , 


which  is  not  excessive. 

The  substrate  temperature  could  be  decreased  by  increasing  the  thickness. 
The  ultimate  reduction  in  temperature  would  give 


(T) 


z=p-0 


TAF0p  + TFSp  + T.  “ 46-9  + 3' 96  = 5»-9  K 


For  a single-pulse  operation,  the  small  thermal  conductivity  of  invar 
(Kg  = 0.  12  W/cmK)  causes  a greater  increase  in  the  surface  temperature  than 
for  the  case  of  say  an  Mo  (Kg  =1.4  W/cm  K)  or  SiC  (Kg  = 2.  11  W/cm  K).  By 
depositing  a thin  layer  of  molybdenum  or  silicon  carbide  (typically  a few  microm- 
eters thick)  on  the  invar  substrate  and  depositing  the  coating  on  the  molybdenum 
or  silicon  carbide,  the  temperature  would  be  decreased  as  a result  of  the  greater 
thermal  conductivity  of  the  molybdenum.  The  contribution  to  the  optical  dis- 
tortion from  the  temperature  distribution  that  extends  across  the  substrate  during 
repeated-pulse  operation  still  would  be  small  as  a result  of  the  low  thermal 
expansion  of  the  invar  substrate.  Thus  it  might  at  first  appear  that  adding  the 
intermediate  Mo  or  SiC  layer  would  improve  the  performance  of  the  reflector. 
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Unfortunately  this  is  not  the  case  in  presently  considered  reflectors  because  the 
performance  is  not  limited  by  the  high  temperature.  That  is,  the  performance  is 
limited  by  optical  distortion  rather  than  by  melting  or  fracture.  As  an  example, 
for  MgO/MfG9  on  invar,  the  limiting  energy  density  is 

(It  ) = 11.6  J/cm2 

p or 

2 

if  the  state-of-the-art  cooling,  h = 10  W/cm  K,  is  attained  (and  lower  Itp  if  not). 
Adding  a Mo  layer  would  decrease  the  threshold  to 

(It  ) = 10. 9 J/cm2  . 

p or 

2 

(The  formal  fracture  threshold  would  be  increased  from  ~ 12.  1 J/cm  to 
- 17.2  J/cm2  .) 


The  use  of  an  intermediate  layer  of  near-zero  thermal  expansion  (Sec.  Ill) 
could  be  effective  for  the  uncooled  substrates. 


Sec.  B-VII 


VII.  CONTINUOUS-OPERATION  REFLECTORS 


The  analysis  of  cw-operated  reflectors  is  considerably  simpler  than  that  of 
continuously  repeated -pulse  operation.  The  temperature  of  the  coating,  measured 
with  respect  to  the  temperature  of  the  coating- substrate  interface,  is  given  by  (5.  5), 


that  is 


IA  £ / -6.91z/£p 

T — I 1 - — Z-  - - 

AF  Kf  \ £p  6.91 


for  k£„  = 6.91.  In  the  substrate,  the  solution  to  the  steady-state  thermal-diffusion 
F 

equation 

- Kg  d2  T / d z2  = 0 


that  gives  heat  flow  ] = -KgdT/dz  with  ] = I A and  T = Tg^,  at  z = £g  , is 


Ts  = tas  +Tsc  • 


where 


JAS  1A£S/KS 


and  z'  = z - £p.  The  temperature  of  the  back  surface  of  the  substrate  is,  from 


Tgc  = J/h  (see  above  (2.3)), 


TgC  = IA/h 


From  (7.  l)-(7.4),  the  maximum  temperature  at  the  surface  of  the  coating,  is 


9 


^ , a / °*855AF  , £S  1 

F0  \ Kp  Kg  h 


= [ 1 A(7.20  / 10'z  ¥ 1/h  ) ) 
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In  calculating  the  optical  distortion,  the  change  in  thickness  of  the  reflector  is 
(with  the  attachment-stress  contribution  negligible  here) 

Ai  = asJLs  (1  + us)  <TS>^  + ap  £p  (1  + i;F)  <Tp)  . (7.6; 

S F 

Since  £p  « £g  and  the  other  factors  in  the  two  terms  in  (7.6)  are  of  the  same 
order  of  magnitude  in  general,  (7.6)  reduces  to 

A£  - as£g(l  + vs^TS^s  * (7»7< 

From  (7.2) 

<VZ  = Tsc  + jtas 

(7.8) 

= [ I A (3.57  x 10'2  + 1/h)  ] 


Setting  A£  in  (7.7)  equal  to  X/2G  and  solving  for  I gives 


I = X/2G  ( 1 + ^S_ 

o A ag  £s  ( 1 + i/g ) \ h 2 Kj 


For  perfect  cooling,  that  is,  h » 2Kg/£g  = 28  W/cni  K,  (7.9)  reduces  to 


o h °°  9 

AGas£g  (1+  vs) 


(7.  10) 


which  gives 


I . = 4.  36  kW/cm 

o h®  ' 


(7.11) 


for  molybdenum  at  .354  nm  with  £„  = 0.  1 cm  and  G = 35.  This  value  of  I . =4.36 

S oh® 

2 -2  2 
kW/cm  is  comparable  to  the  average  intensity  It  /r  = 10/10  = 1 kW/cm  in  the 

2 -2 

repeated-pulse  system  with  It  = lOJ/cm  and  t^  = 10  s. 
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The  stresses  at  the  center  (p  = z =0)  in  the  coating  layers  1 and  2 are,  from 


(4.  14) 


°1  CT1 res 


J7 

( “lTF0  ' “sBS  ^Vz) 


(7.12) 


where  TpQ  is  given  by  (7. 5)  and  (Tg)  by  (7.8).  The  fracture-limited  irradiance  is 
obtained  from  (7. 11)  by  setting  cr^  = ap/fR  and  setting  other  subscripts  1 by  i , as 
defined  under  (4.  16).  This  gives 


!f  = - 


qF  \ / 1 ' vi  \ ( ^F0  _ R * Vz 

fs  U'ires)  \ AEj  / \ 1 A I “S  S AI 


(7.13) 


For  ap  = -8  ( 2 x 10  ) psi,  f =4  , a = 0,  E.  = 3. 61 x 10^  psi,  v.  = 0. 3, 

* s i res  i i 

(Xj  = 10.5  x 10'6K_1,  as  = 5 x 10'6K_1f  Bg  = 0.716  +0.284  (0.3)  = 0.801,  h = ®, 
^p/Kp  « £,g/  Kg  = 0.  1/1.4,  the  values  of  die  temperatures  in  (7.  12)  are  Tp^/A  I 
= Xg/Kg  = 7.  14  x 10  ^ and  (Tg)  = Hg/2Kg,  and  (7.  12)  gives 


If  = 2.53  x 105  W/cm2  . 


(7.  14) 


Comparison  of  (7. 11)  and  (7.  14)  shows  that  cw-opcrated  reflectors  are  much 
more  prone  to  failure  by  optical  distortion  than  by  fracture.  For  the  case  of  contin- 
uous repeated -pulse  operation,  the  difference  between  die  optical-distortion  mid 
failure  thresholds  is  not  as  great  as  for  cw  operation.  This  is  because  the  great 
surface  temperature  at  the  end  of  a pulse  in  the  former  case  increases  the  stress 
in  the  coating  much  more  than  it  does  in  the  total  expansion  AH  = A a p + Alg,  since 
the  single-pulse  temperature  is  great  at  the  surface  but  does  not  extend  far  into  the 
substrate. 


Ly. 


VIII.  THERMALLY  INDUCED  CHANCES  IN  THE 
RE  I •'  LECTION  COE  PE  ICIE  NT 


Sec.  B- VIII 


In  addition  to  the  thermally  induced  change  in  thickness  of  the  coating  and 
substrate  considered  in  the  preceding  calculations,  the  reflection  coefficient  r 
(measured  with  respect  to  the  final  position  of  the  front  surface  of  the  coating)  of 
the  reflector  changes  because  the  optical  thickness  of  the  coating  layers  changes. 
The  change  0f  in  the  phase  of  r,  is  proportional  to  the  small  change  in  the 
optical  thickness  of  the  layers  of  the  coating,  while  the  magnitude  squared  | r | 2 , 
which  is  equal  to  the  reflectance,  is  proportional  to  . Thus  the  optical  dis- 
tortion resulting  from  0r  is  more  important  than  is  the  change  in  the  reflectance. 
It  will  be  shown  below  that  the  thermally  induced  change  in  reflectance  R = | r | 2 
is  entirely  negligible  in  the  cases  of  interest. 

The  approximation  of  neglecting  0r  in  the  preceding  calculations  is  often 
■well  satisfied.  The  calculations  to  follow  illustrate  this  result  and  also  show 
how  0r  can  be  included  when  necessary.  The  results  of  a detailed  treatment  of 
0r  and  of  absorption  in  the  coating  and  substrate,  which  is  expected  to  yield  accu- 
rate analytical  approximations  to  0f  and  the  absorptancc,  will  be  used  in  a future 
report  to  obtain  improved  approximations  to  the  various  values  of  It^.  A simpli- 
fied treatment  below  should  suffice  to  illustrate  the  salient  features  of  the  effects 
of  0r . 

The  following  simple  physical  interpretation  of  the  results  illustrates  why  0 
is  often  negligible  and  indicates  when  0r  should  be  included  in  the  calculation  of 
optical  distortion.  The  irradiance  in  a coating  drops  rather  rapidly  as  a function 
of  the  distance  from  the  surface  of  the  coating.  Por  a coating  that  is  optimized 
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for  minimum  absorptance,  the  irradiance  at  the  absorbing  substrate  must  be 

35  a 

extremely  small.  It  will  be  shown  that  when  1 - R«  1 is  satisfied,  the  irra- 

2 

diance  decreases  by  a factor  of  (n^/njj)  for  each  pair  of  layers;  thus  the 
irradiance  is  large  only  in  the  top  layers  of  the  coating.  The  effective  penetration 
depths  of  the  irradiance  into  the  coating  range  from  0.756  pairs  (1.51  layers)  to 
6.  65  pairs  (13.  3 layers)  in  the  examples  in  (8. 13)  below.  The  total  phase  change 
0r  is  equal  to  the  phase  change  of  a single  pair  of  layers  times  the  number  of 
pairs  of  layers  in  the  penetration  depth.  Since  the  number  of  layers  in  the  pene- 
tration depth  is  smaller,  sometimes  by  a great  factor,  than  the  total  number  of 
layers  in  the  coating,  while  the  expansion  of  all  layers  in  the  coating  and  of  the 

substrate  contributes  to  the  phase  change  0 resulting  from  the  change  in  the 

s 

position  of  the  coating  surface,  0r  tends  to  be  negligible  with  respect  to  0g  . 

However,  the  contribution  of  0f  can  be  non -negligible  in  the  case  of 

o j. « np  * dnp/dT  in  a coating  used  with  an  intermediate  thermal  layer  or  a 

coating  that  is  rather  thick  thermally.  Notice  that  both  O'  and  dn/dT  contribute 

to  the  change  0 , while  only  a contributes  to  0 . The  contribution  to  0 , from 
r sr 

the  substrate  is  negligible  in  all  normal  cases. 

Consider  a reflector  consisting  of  a set  of  2N-  1 quarter-wave  layers, 

OHLHL HS,  with  refractive  indices  n^  and  nj  , as  shown  in  Fig.  3(a). 

In  order  to  determine  the  reflection  coefficient  r of  this  system,  first  consider 

the  model  reflector  Hy  LHL HL-y-H,  consisting  of  N units  -y  L-y,  as 

in  Fig.  3(b). 

The  symmetry  of  the  model  structure  makes  the  calculation  of  the  reflec- 

46  34 

tance  rather  simple,  as  shown  by  Herpin  and  reviewed  by  Lissberger 
who  gives  the  following  expression  for  the  reflectance  of  the  model  reflector 
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1 


m 


r’  [ 1 - exp ( i 2N  6g ) ] 
1 - r'2  exp(  i 2N  6^,) 


(8.1) 


Z E ' ZS 
ZE  + ZS 


ZS  ' lZE  ^ . 

7 _l  i y »»  i GXp 

ZS  lZE 


, nH  + nL  n ^ 
nH  ' nL  2 d() 


- i 


(8.2) 


ZS  = 1/ns  = 1 


(8.3) 


ZE  "*  iZE  " iZA 


[”  1 + A cos  6 1 
L 1 - A cos  6 J 


1/2 


^ i 1 


nH  + nL  n 

nH  - nL  2 dQ 


(8.4) 


A = + 


m) 


1/2  = nH  + nL 
nH  " nL 


(8.5) 


Y = 


2 2 
nH  + nL 

2 nH  nL 


6 = 6.  = 26 
b a 


2ff 


nd 


■*('•%) 


(8.6) 


d = d0  + dA;  d()  = X/4  n ; nHdH  = nLdL 


(8.7) 


cos  6 Sf  - ~ —■ 


2 d, 


0 


(8.8) 


d ^ 

6e  = n + i cosh'1  [ Y - ( Y+l)  cos 6 a-  v + i cosh'1  Y - i A (y  ~) 
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I 


The  arrows  denote  that  the  expressions  are  valid  in  the  region  of  high  reflectance. 
For  1 - R«  I it  is  easy  to  show  that  the  two  terms  in  (8.  1)  containing  the  factor 
exp(i  2N6p)  are  negligible.  (Notice  that  cosh  1 Y = in[Y  + (Y2  - 1)1//2  ] = £n(n^/n^ 
and  exp(-2  N6p  ) = (n{ /n^)2ISl  « 1 . ) Thus  (8.  1)  gives 


r 

m 


i exp 


‘H 


n 


JT  dA  \ 
2 d0  > 


(8.9) 


For  the  Lissberger  convention  E ~ exp(-  icot ),  the  exponential  factor  in  (8.  10) 
corresponds  to  a retardation  of  the  reflected  field.  Adding  an  H/2  (eight-wave) 
layer  to  the  model  reflector  in  Fig.  3(b)  gives  the  reflector  in  Fig.  3(a).  Adding 
this  layer  retards  the  phase  by  an  additional  (7t/2)(  ltd^/d^);  that  is 


r a;  exp  I l -=-  + !■=■ 


n A \ 


2 dr 


which  gives 


*0, 


r a - e 


where 


K = v 


d0  nH  " nL 


(8.  10) 


is  the  phase  of  the  reflected  wave. 
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The  corresponding  phase  change  for  the  change  in  position  of  the  front  surface 
when  the  rear  (substrate)  surface  of  the  coating  is  held  fixed  as  the  coating 
expands  is  (for  2N+  1 layers) 


0Fs  = - (2N  + 1)  TT  dA/d( 


(8.11) 


Two  contributions  0 and  0pg  to  the  total  phase  change  have  opposite  signs, 
as  suggested  by  the  schematic  illustration  in  Fig.  4.  Thus,  the  two  contributions 
tend  to  cancel,  which  reduces  the  severity  of  the  optical  distortion.  However,  it 
is  possible  that  | 0r  | - I I > I 0S  I . where  0g  = 0pg  plus  the  contribution  from 
the  substrate  expression,  so  that  including  0f  would  result  in  greater  optical 
distortion.  This  is  unlikely  in  currently  envisioned  high-power  reflectors  for 
repeated-pulse  use. 

The  phase  change  0pg  normally  has  the  same  magnitude  as  the  phase  change 
of  a ray  traveling  from  the  front  to  the  rear  surface  and  return.  Thus,  an  effec- 
tive ray-penetration  depth  ^pen(^  for  the  phase  change  0r  can  be  defined  as 


l pen0 


(2N+l)(d)  0Fg 


(8.12) 


where  (2N+1  ) (d)  is  the  thickness  of  the  coating. 

With  (8.  10)  and  (8.  11),  this  expression  (8.  12)  gives 


/ 

/ 


undistorted  front  surface 


i 

l 

v front  surface  after  thermal  expansion 


hack  surface  of  coating 


~7 


I ig.  4.  Schematic  illustration  showing  the  advance  in  phase  of  the  reflected 
wave  resulting  from  the  change  in  position  of  the  surface  of  the  coating,  and 
tlu  retardation  resulting  from  the  phase  0r  of  the  reflector  coefficient  r 
(resulting  from  deeper  penetration  into  the  thermally  expanded  coating). 
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pen0 

TdT 


0r(2N+l) 


Fs 


nH  " nL 


= 1.51  layers 


for  Hf02/Si02 
nL/nH  = 1-477/2-14 


= 3.  03  layers 


for  MgO/MgF2 
nL/nH  = 41/1.74 


= 13.3  layers 


for  ThF4/Si09 
nL^nH  ~ 1.50/1.575 


(8.13) 


The  effective  penetration  depth  ^pen?.  of  the  intensity  for  the  phase  change  is 
similar  in  nature  and  in  magnitude  to  the  effective  penetration  depth  £ n intro- 
duced in  Sec.  Ill  for  absorption  in  the  coating. 


Specific  examples  arc  useful  in  illustrating  the  relative  contribution  of  to 
the  total  optical  distortion.  If  n and  X , as  well  as  d,  vary  slightly  from  their 
values  n^  and  X^  for  maximum  reflectance,  then  d^/d^  *n  the  expressions  above 
is  replaced  by 


(8.  14) 


In  the  present  case,  X^  - 0. 


It  will  now  be  shown  that  the  contribution  of  ^ to  the  optical  distortion  of 
the  45-layer  MgO/Mgl'2*.  Mo  reflector  is  negligible  with  respect  to  tlu-  uncertaintie 


l IS 


Sec.  H- VII I 

in  the  theoretical  and  experimental  results.  From  (8.10),  (8.13),  and  (8.  14),  with 
d^/dp  = «(1  + v)T  and  n^/n()  F n^/n  = n 1 (dn/dT) T , 

0 = -3.03  77  \a  (1+  V)  + n"1  dn/dT  | T (8.15) 


With  n * dn/dT  = 1.5  X 10  ^ for  Mgl7^  and  n * dn/dT  = 15  x 10  ^ for  MgO 
(approximate  values  obtained  by  extrapolation  to  250 nm),  the  average  value  of 
n 1 dn/dT  for  the  film  is 


Since  the  top  layers  of  the  coating  make  the  greatest  contribution  to  0(,  , the 
appropriate  value  of  T in  (8.  15)  is  an  average  over  the  surface  layers.  With 

9 

surface  temperature  T p ^ = 47.  9 K from  Table  II,  and  for  h = 10  W/cm  K , 

T = 1[I  + — jr-Krt)  = (0.  947) (47.  9) 

= 45.4  K . 

With  (8.15)  and  otj, (1+y  .)  = 15.6x10  ^ K - 1 from  Table  1,  this  gives 

0r  = - 1.59  x10'3(2tt)  , 

or 
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0 

r 

(2  t r/C, ) 


(2  tt/35) 


-5.57  x 10'2  . 


Tlic  contribution  of  0 to  the  optical  distortion  is 

(It , = ■ 10  W ..  _180|/cm2 

P(t>r  5.57X10'2 


(8.16) 


The  minus  sign  is  a reminder  that  the  phase  0^  has  the  opposite  sign  from  the 

2 

phase  of  0 . The  previous  value  of  (It)  =21.4J/cm  is  replaced  by  the 
s P op 

following  value  as  a result  of  the  0^  correction 


1 111 


(It  ) 21.4  180  24.3 

P op 


(It  ) = 24. 3 J/cm2  (8.17) 

P op 


2 2 

and  the  previous  value  of  (It  ) =6.  33  I/cm  for  h = 10  W/cm“  K is  corrected  to 

P or 


1 111 

(It  ) ~ 6.33  " 180  ~ 6.56 

P or 


or 

(It  ) = 6.  56  J/cm2 

P or 


(8.  18) 


which  is  3.7  percent  greater  than  the  uncorrected  value. 
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Next  it  will  lv  shown  Ihnl  for  the  21 -layer  IlfO,,/SiO..  coating  with  the 
assumed  ultralow  expansion  of  lift)..  , the  single-pulse  threshold  is  considerably 
greater  when  0 is  included,  but  the  repeated-pulse  value  is  only  17  percent 
greater  even  for  the  state-of-the-art  values  of  tne  surface  heat-transfer  coef- 
ficient  h-  10  W,  cm'  K and  face-plate  thickness  L = 0.5mm.  From  (8.10), 

(8.  18),  and  (8.  14), 

VA  . ^ -1.51  TT  | 0. 585  x 10"6  + 9.  55  x 10*6  | 819 

=■  -2,44\  10_?  ( 2 tt  > 


or 


*r 

(2v  /35) 


8 .52  x 10'2 


The  value  of  (I  t ) is 
p5r 


00 
P 0 r 


10  J /cm" 
8.  52  x 10'2 


- 117  J/cm2 


(8.  19) 


The  corrected  value  of  (It  ) is 

P op 

(It)  =|  77. 5_1  - 1 17"1  | " = 228  J/cm2  (8.20) 

P op 


9 

The  accuracy  of  this  value  of  228  J/cm‘  is  low  since  the  approximate  expression 

for  7 was  used  and  there  is  near  cancellation  of  the  two  terms  in  (8.20).  The 
r 

corrected  value  of  (It  ) for  h = 10  W/ctrTK  and  = 0.5  mm  is 
P or 
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T 1 II'1  9 

"d>  " ItTO  - U7  J = 12-U/<=m  , 


which  differs  by  10  percent  from  the  uncorrected  value  of  11.0  J/cm  . 

Next  consider  the  thermally  induced  change  in  the  reflectance  R = | r |-. 

For  a coating  designed  for  maximum  reflectance  at  a specific  wavelength  X^  , 
the  reflectance  normally  decreases  as  | X-X^  | increases.  The  value  of  X^ 
usually  is  chosen  as  the  operating  wavelength  X.  However,  as  the  temperature 
of  the  coating  increases,  the  value  of  XQ  changes,  thus  reducing  the  value  of  R(XL>. 

9 . 

The  measured  reflectance  change  of  the  Baumeister- Arnon  coating  is 
approximated  by 


R(Xn)  - R(Xq  -XA)=  1.64(XA/Xn)  , 


A 0' 


(8.21) 


which  is  a parabolic  fit  to  the  maximum  and  the  point  R^  = 1.60  x 10  at 


X . = 10  nm  . 

A 


The  value  of  X^/X^  corresponding  to  a temperature  change  T^  can  be 
estimated  as  follows.  The  change  in  the  optical  thickness  n l of  a layer  is, 
neglecting  the  stress  optic  terms  , 


A(n  SL)  = 


Tf  ta  + nl“  ta 


Both  dn/dT  and  na  are  of  order  10  5 K 1 , typically.  Thus,  A(ni)/n£  f-aAT 
is  of  the  order  10’3  for  TA  = 100K.  With  A (nX  )/nl  « 10"3  , (8.21)  gives 


R.  = 1.64  x 10 

A 
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-3 

which  is  negligibly  small  (compare  A = 5 x 10  ) even  for  the  large  value  of 

AT  = 100  K.  It  is  also  easy  to  show  from  (8.  9)  that  is  negligible. 

It  should  be  mentioned  that  sufficient  temperature  increases  could  cause 
such  effects  as  interlayer  or  coating -substrate  mass  diffusion'51  and  changes  in 
the  porosity  of  the  coating,  which  could  change  R(X),  probably  irreversibly. 

The  absorptancc  of  the  coating  materials  themselves  increases  in  general  as 
the  temperature  increases,  but  this  increase  usually  cannot  be  estimated  since 
the  source  of  the  absorptancc  in  the  ultraviolet  and  visible  regions  usually  is 
not  known.  In  well  designed,  ultralow -absorptancc  ultraviolet  and  visible  reflec- 
tors, the  temperature  dependence  of  the  absorptancc  of  the  substrate  does  not 
affect  the  absorptancc  of  the  reflector  because  the  coating  must  contain  a sufficient 
number  of  layers  to  make  the  absorption  in  the  substrate  negligible.  An  exception 
would  be  a coating  in  which  the  number  of  layers  is  restricted  by  technical 
considerations. 
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IX.  APPLICATIONS 


Two  coatings,  one  for  use  at  354  nm  and  one  for  use  at  250 nm,  and  six 
substrates  are  considered.  In  addition,  some  results  are  given  for  a ThF^/SiO.-, 
coating  on  molybdenum.  It  was  shown  in  Sec.  Ill  that  it  should  not  be  difficult  in 
practice  to  make  the  thermally  induced  single-pulse  optical  distortion  negligible 
by  using  a near-zero  thermal  expansion  intermediate  layer  containing  ThF^ 

(which  has  negative  thermal  expansion  at  room  temperature).  The  optical  dis- 
tortion is  then  determined  by  the  long-time  average  temperature  of  the  substrate, 
the  values  of  (It  ) being  19.9  J/cm  for  molybdenum  and  99.3J/cm  for  invar. 

The  following  results  are  for  reflectors  not  employing  the  intermediate  layer. 
The  values  of  the  temperatures,  optical-distortion-limited  and  fracture -limited 
energy  densities  for  single-pulse  and  repeated -pulse  operation,  and  the  cooling 
(values  of  h)  required  to  prevent  excessive  optical  distortion  and  fracture  are 
listed  in  Table  II  of  Sec.  I.  Three  values  of  cooling  h = 1,  10  and  <*>  W/cm^K 
are  included  for  the  repeated-pulse  case.  The  results  to  follow  arc  summarized 
in  Sec.  B-I. 

I-or  the  45 -layer  MgO/MgF^  coating  developed  by  the  Northrop  Corporation 
for  use  at  250 nm  , the  values  of  the  parameters  nf,  K , C,  and  cy  for  bulk  crys- 
tals, listed  in  Table  I,  will  be  used  since  MgF2  and  MgO  are  believed  to  deposit 
14 

as  crystalline  films.  The  film  thickness,  from  (4.  1),  is  = 1.81  4m,  and 
the  thermal  diffusion  distance  in  the  coating  during  the  pulse,  from  (4.2),  is 
£j.-tp  = 6.02  4m.  Thus  the  thin-film  approximation  = 1.81  4m  « = 6.02  4m 

is  not  well  satisfied,  and  the  corrections  of  Sec.  IV  arc  needed. 
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MgO/MgF^:  Mo . For  a single  pulse,  the  optical -distortion  threshold  for  the 
MgO/Mgp2  coating  on  molybdenum  is,  from  (5. 13) 


(It  ) = 21.4  J/cm‘ 

P op 


which  is  between  the  thermally-thick-coating  value  of  14.0  J/cin  and  the  uncoated- 

2 

metallic -reflector  value  of  28.7  J/cm  , as  it  must  be.  Several  repeated-pulse 
optical-distortion  thresholds,  from  (5. 15),  are 


dU 

P or 


= 14.7  J/cm  , 


10.0  J/cm  , 


for  h = <*> 


for  h = 28.  1 W/cm  K 


= 6. 33  J/cm  , 


for  h = 10  W/cm  K 


= 1.03  J/cm  , 


for  h = 1 W/cm  K 


2 2 
The  value  for  h=°°  lies  between  10. 7 J/cm  (thick,  from  (4.11))  and  17. 7 J/cm 

(uncoated,  from  (2.14)). 

2 

The  value  of  h = 28.  1 W/cm  K required  to  prevent  excessive  optical 
2 2 

distortion  (It  =10  J/cm  ) is  between  the  values  20.  9 W/cm  K (uncoated,  (2.17)) 

2 

and  134  J/cm  K (thick,  (4. 13)).  As  discussed  in  Sec.  VI,  this  extremely  large 

2 2 
value  of  ~ 30  W/cm  K is  well  beyond  the  state  of  the  art  (~  10  W/cm  K)  for  mirrors. 

For  single  pulses,  the  fracture  threshold,  from  (5.18), 

(It  ) = 17.2  J/cm2  (9.3) 

P fp 

is  less  than  the  optical  distortion  threshold,  but  the  accuracy  of  estimate  of  (It  ) 

P fp 

is  not  sufficiently  great  to  afford  confidence  in  this  conclusion.  Also  recall  that  a 
safety  factor  of  four  in  the  strength  was  used  in  obtaining  (9.3). 
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For  repeated-pulse  operation  with  perfect  cooling,  the  fracture-threshold 

value  of  It  from  (5. 19)  is 
P 

[(It).  1 = 17.2  J/cm2  , (9.4) 

P fr  h = °° 


2 

which  is  essentially  equal  to  the  optical-distortion  value  of  14.7  J/cm  from  (9.2) 
to  within  the  accuracy  of  the  estimate  of  the  fracture  value.  The  value  of  h 
required  to  prevent  fracture,  from  (5.21) 


h = 0.0918  W/cm2  K (9.5) 

2 

is  much  less  than  the  value  h = 28.  1 W/cm  K for  optical  distortion  from  (9.4). 

The  reason  is  that  the  temperature  increase,  above  the  single-pulse  temperature, 
for  repeated-pulse  operation  is  not  confined  to  a small  region  near  the  coating 
surface.  The  optical  distortion  from  the  small  temperature  rise  is  great  because 
is  great  with  respect  to  the  thermal  diffusion  distances  in  time  t = 10  6 s, 
but  the  additional  stress  is  small  because  the  temperature  increase  is  small. 

The  values  of  the  temperature  rise  at  the  surface  of  the  coating  are  reasonable: 
for  a single  pulse. 


47. 2K  ; 


for  repeated -pulse  operation  with  h = <*>  , 


(9.  P) 


FrO 


ll  = OD 


= 47. 4 K 


Oh-) 


■) 

and  for  repeated -pulse  operation  with  It  = 28.  1 W/cm"  K by  (l>.  .4),  the  value  of 
T from  (5.2)  is 


See.  15- IX 


T.,  „ = 47. 6K  . (9.8) 

I*  rO 

For  the  fracture  thresholds  in  (9.5)  and  (9.6),  the  failure  is  by  compression 
in  MgO  with  the  residual  stress  a formally  set  equal  to  zero  since  its  value 
is  not  known.  Both  MgO  and  MgF'2  are  in  compression,  and  the  thermal  stresses 
arc  approximately  equal.  Since  Mgl:2  films  are  believed  to  have  large  tensile 
residual  stresses,  the  failure  was  assumed  to  occur  in  an  MgO  layer. 

MgQ/Mgl'V  Cu  . The  MgO/MgF2  coating  on  a copper  substrate  will  not  meet 

2 

the  system  requirement  (It  ) > 10  J/cm  since 

P or 

(It  ) = 8. 80  J/cm2  , for  h = 00  . (9.9) 

P or 

The  single-pulse  threshold 

(It)  = 11.  5 J/cm2 
P op 

is  sufficiently  great,  as  is  the  fracture  threshold 

(It  ) as  (It  ) = 20. 8 J/cm2  . 

P fp  P f 

The  corresponding  thresholds  arc  even  lower  for  silver  and  aluminum  substrates. 
Next  consider  the  21-layer  Ilf02/Si02  coating  developed  by  Baumeister  and 

Q 

Arnon  for  use  at  320nm.  In  the  analysis  of  this  coating,  it  is  assumed  that  the 
same  materials  and  number  of  layers  are  used  in  a coating  designed  for  354 nm. 
Unfortunately  the  properties  of  the  coating  materials  are  not  sufficiently  well  known 
to  allow  even  reliable  predictions  about  catastrophic  failure  to  be  made.  Since 
the  damage  resistance  of  this  coating  is  great,  if  the  assumed  properties  are 
correct,  experimental  studies  to  determine  the  coating  properties  are  important. 
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The  thickness  can  be  calculated  with  sufficient  accuracy  since  the  values  of 
the  refractive  indices  should  not  be  greatly  in  error.  From  (4. 1) 


H p = (21/2)  (3. 54  x 10'5/4)(2.14'1  + 1.48'1)  = 1.064m  . (9.10) 


Only  a very  rough  estimate  of  the  value  of  the  thermal  diffusion  distance  can 

be  made  since  the  properties  of  the  deposited  materials  are  not  known.  Oxide 

films  tend  to  deposit  in  an  almost  amorphous  form,14  for  which  the  values  of  a 

and  K could  differ  from  those  of  the  crystals  by  factors  of  ~10.  Thus,  the  best 

2 

estimate  seems  to  be  to  use  typical  values  of  K = 0.014  W/cm  K and 
a =0.5x  10  1 for  amorphous  oxides,  assuming  that  the  HfC>2  films  are 

essentially  amorphous,  which  gives 


iptp  = (4  Kptp/Cp)1/2  2:  (4(0.014)  10'6/1.7)1/2  = 1.814m 


(9.11) 


Thus,  the  approximation  = 1.06  4m  « = 1.81  4m  is  not  well  satisfied, 

and  again  the  results  of  Sec.  V,  rather  than  the  extreme  limit  of  thermally  thin 
coatings,  must  be  used. 

Ilf02/Si02:Mo.  From  (5.5),  (5.6),  and  (5.8) 


TFp0  TAFp0  + TFSp  324  K+  17  K ~ 341  K • 


(9.  12) 


This  rather  large  temperature  of  341  K results  chiefly  from  the  temperature 

differential  of  324  K across  the  coating,  which  is  a result  of  the  low  thermal  con- 

2 

ductivity  Kp  = 0.014  W/cm  K.  If  the  Hf02  coating  had  a value  of  K much 
greater  than  that  of  SiQ2  , then  (A.  6)  gives 
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K!  ' KSiO.,  (l1SiO.,  ' nliR).,)/nlll'0 


1.C.0  K 


ami  tlie  value  of  T.  ..  ..  would  be  decreased  to  T..  ,,  ^ 324/1.69  = 192  K.  The 
AlpO  epO 

value  of  341  K in  (9.  12)  is  between  the  uncoated -metallic- reflector  value  of  29.5  K 
and  the  thermally -thick-substrate  value  of  366  K from  (4.  3). 

The  single-pulse  optical  distortion  threshold  from  (5. 13)  is 


(It  ) = 77.  5]  /cm 

P op 


(9. 13) 


and  the  repeated-pulse  values  are: 


no 

P or 


= 35.8  J/cm  , 


= 11.0  J/cm  , 


for  h = °°  , 


for  h = 10  W/cm  K , 


= 10.1  J/cm  , 


for  h = 8. 78  W/cm  K , 


1.51  J/cm  , 


for  h =1  W/cm  K 


(9.  14) 


The  single-pulse  fracture  threshold  from  (5. 18)  is 


( It  ) =92.0  |/cm 

P fp 


(9.15) 


and  the  repeated -pulse  value  for  h = °=  is,  from  (5.  19) 


(It  ) .92.2  J/cm  . 

P fr  h = 03 


(9.  16) 


J 
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I 


2 2 

The  difference  between  these  two  values  of  92.0  J/cm  and  92.2  J/cm  is 
insignificant,  but  the  fact  that  the  repeated-pulse  value  is  greater  than  the  single- 
pulse value  illustrates  an  interesting  point.  The  coating  is  in  compression,  as 
always,  for  a single  pulse.  But  the  additional  temperature  rise  resulting  from 
repeated-pulse  operation  gives  rise  to  tensile  stresses  in  the  film,  which  partially 
cancel  the  single-pulse  compressive  stresses.  The  additional  stresses  are  tensile 

in  both  layers  of  the  coating  in  the  present  case  because  the  thermal  expansion 

”6  ”1 

coefficients  of  the  coating  layers  (0.5x10  K ) are  sufficiently  smaller  than 
the  thermal  expansion  coefficient  of  the  substrate  (5  x 10  ^ K *).  The  substrate 
consequently  expands  more  (radially)  than  does  the  coating,  thus  putting  the  coating 
in  tension. 


This  result,  that  the  coating  will  not  fracture  under  repeated-pulse  operation 
if  it  does  not  fracture  under  single-pulse  operation  (within  limits  discussed  below) 
is  reflected  mathematically  by  the  fact  that  h^  from  (5.20)  is  negative,  and  (5.21) 
gives  a negative  value  of  h required  to  prevent  fracture.  If  the  cooling  is  suffi- 
ciently small,  the  temperature  of  the  substrate  eventually  becomes  so  great  that 
the  tensile  stress  becomes  greater  than  the  compressive  stress  by  an  amount 
sufficient  to  cause  failure  of  a coating  layer  in  tension.  Then  the  value  of 

"(It  ) " in  the  two  equations  (5. 21)  and  (5. 22) 

P fp 


h = h. 


"(It  ) " 
P fp 

It 


- 1 - <• 


-1 


and 


(It  ) = "(It  ) " (1+  e+h  /h)‘ 

p fr  p fp  1 
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r 


becomes  negative  as  a result  of  the  sign  change  of  ap  in  (5. 18)  (with  a 

zero).  Then  h becomes  positive,  and  (It  ) remains  positive 

P fr 

The  ThF^/SiC^  coating  was  discussed  in  Sec.  III. 


res 


still 
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X.  TABULATION  OF  DERIVED  RESULTS 

The  results  derived  herein  and  the  values  of  the  system  parameters  used  are 
tabulated  for  the  convenience  of  the  reader.  Subscripts  F,  S,  and  C denote  coating 
(film),  substrate,  and  coolant. 

(a)  Model- System  Parameters 

• wavelength:  A = 354  nm  (3. 50  eV );  alternate:  250  nm  (4.  96  e V ) 

• laser  pulse  duration:  t = ljis 

3 

• repetition  rate:  100  Hz  (100  pps),  with  possible  increase  to  10  pps 

• total  operating  time:  60s 

2 

• energy  density:  I tp  = 10  J/cm  /pulse 

7 2 

• irradiance  (during  the  pulse):  I = 10  W/cm 

3 2 

• irradiance  (averaged  over  the  60  seconds):  I = 10  W/cm 

2 

• area  of  window  or  mirror:  up  to  300  cm  ( 15  x 20  cm) 

3 

• energy:  E = 10  J/pulse 

• optical  tolerance:  1/40  wavelength  per  element 

• pressure:  two  atmospheres  nominal;  four  atmospheres  during  the  pulse 

• pulse  shape:  rectangular  with  no  spikes 

(b)  Material-Component  Parameters 

• substrate  thickness 

= 0.  1 cm 

• substrate  radius 

R = 2.5-10  cm 
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• coating  thickness  for  N-layer  coating 

lF  = (N/2)  (A/4)  (nj1  + n^1)  = [1.81(im] 


(4.1) 


• absorptance 


A = 5 x 10 


-3 


• optical  path  difference  between  center  and  rim  of  reflector 

Vd  = 2[aV<aVp=r; 

= (A£q) 

5 * p = 0 


• beam  profile:  square  in  time,  with  duration  t = 10  s , 

-2 

interpulse  time  t.  = 10  s 

ip 

2 

I (p)  = I exp  (-  ap  ) 
aR2  = 1/e2 


• optical  tolerance 

A£s  - X/2  G - A/70;  = A /g  = A/ 40) 


2G  = 2g  1 - c 


/ -aR*\ 

V'c  - 


opd 


1.73g  ^ 70 


• effective  values  for  coating  of  heat  capacity  per  unit  volume,  thermal  con- 
ductivity (along  z)  and  thermal  expansion  coefficient  (along  z)  for  thickness 
£j  ~ 1 / n}  and  ~ 1 / 


C,  n + Cbn.  „ 

CT.  = -i—= — = [ 3. 14  J/citi  K 


I- 


nl  + n2 


(A.  5) 


K , = 


K j K2  ( n j + n2  ) 

K , n , + K2  n2 


| 0.285  W/cm  K 


(A. 6) 
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aF( 1 + yF) 


0^(1  + i^j)n2  +a2(l  + y2)n] 


nl  + n2 


[15.9  x 10'6K"]  ] 


• time -averaged  heat  flow  through  the  substrate 

2 


J = IAtp/t.  = 5 W/cm 


• thermal-diffusion  time  through  coating  (along  z) 


Tp  = Cp£p/4KF  = [9.02xl0'8s] 


• thermal-diffusion  distance  in  the  coating  during  t 


Ftp 


>1/2 


( 4 Kp  tp  /Cp  )A/“  = (Kp/Cp)1/2  20.0  jxm 
(Kp/Cp)1/2  20. 0 jim  = [ 6. 02 Jim  ] 


(A.  7) 


(2.3) 


(5.1) 


(4.2) 


• average  temperature  across  substrate  thickness  at  p = 0 

lo 


<TC> 


■f. 


dzL 


• radial-average  temperature 

R 


<TV'Z  $0dppT  = T»a-?(1-;a,r) 

= 0.432T,.,  for  1/e2  truncation  ( a R“  = 2 ) 


(2.  lb) 


<T>, 


- = 0.432 
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(c)  Uncoated  Metallic  Reflectors 


• temperature  at  the  surface  (p  = z = 0)  at  the  end  of  a pulse 


T„  - T „ + 6 ( 1C,_,  + c n ) 

0 pO  r SC  ASrO ' 


= f 29. 5 K + 6 . ( 5/  h + 0. 179  K ) ] 

T n - 2 It  A ( 1 / TTt  CcKc)1/2 
pO  p p S S ’ 

= 56.4(CSKS)'1/2  - [29.5  K 1 


(2.7) 


(2.  1) 


T 


rO 


> + TASrO=  I29'7  K 1 


h “ 


(2.8) 


T „ = It  A/t  h = 5/h 
SC  p ip 


Ac  n = (It  A/t.  Kc)(l  - L . /2HC) 
ASrO  p xp  S/v  tip  S 


-1 


It  A lc/2  t.  Kc  = (4  K„)  = [0.  179  J , 

p S ip  S S'  1 


ip 


(2.4) 


for  £tip<  £S 

for  £Up>  £s  (2,5) 


• single-pulse  optical-distortion  limit  to  the  energy  density 
CP  op 


(Itn)  = Cs(X/2G)/Aas(  1 + vs) 

n . v . I...  2 


(2.  18) 


= /. 


14x10  Cs  /as  ( 1 + vs ) = [ 29. 2 J/cm 


= 1.01  xl0'4Cs/as(  1 + vs)  = [41.  3 J/cm2  ] 


for  250  nm 


for  354  nm 


repeated-pulse  optical-distortion  limit  to  the  energy  density  (per  pulse) 


UO 

P o r 


(It) 

P op 


II  a£s 


(Vop 


(2.21) 


(It  ) 


h -*  ® l-(-Cc  £~/3t.  Kc  ‘ 1 “ ■'  *vc 

S S'  ip  S a a 


1 + a Cc/3  Kc  1 18.0  J/cm 
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h = 

o S S ip 

= 10.0  Cs  = [26.  1 W/cm  K ) (2. 

• required  cooling  (value  of  surface  heat-transfer  coefficient  h ) to  prevent 
excessive  ( X()[u)  > X/40)  optical  distortion  during  continuous  repeated- 
pulse  operation 


h = h — pJ.)d  . , . !h°*s 

° :?Ks 


20.2  W/cm  K 


(d)  Thermally  Thick  Dielectric  Reflectors 


• temperature  of  the  surface  of  the  coating  (p  = z = 0),  with  T and  T 

SC  " ASr 

given  by  (2.4)  and  (2.6)  in  (c)  above 


rF0  TFpO  + 6r  * FSC  + rASrO^ 

= [59.6K+  6r  (5/h  + 0. 179  K) 


T™  ' V + TASr0=  t^.SK 


• temperature  at  the  surface  of  the  coating  (p  = z = 0)  at  the  end  of  a 
single  pulse 


TFp0  = 2ItpA(1/TrtpcFKF)1/2 

= 56.4  (CpKF)'1/2  = [59.  6 K ) 
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single-pulse  optical -distort ion  limit 

to  the 

energy  density 

(It)  C..(A/2G)/AaP(  1 t 

r o p 1 •' 

(4.7) 

= 7.  14  xl()'SCF/aF(l  + 

VF ) = 

| 14.0  J/cm2  | , 

for  250  nm 

= 1.01  x 10  4 C]7  /ap  ( 1 + 

V = 

l 19.  8 J/cm2  | . 

for  354  nm 

repeated- pulse  optical-distortion  limit  to  the  energy  density  (per 

pulse) 

ot  ) 

(..)  = ,op 

,or  ,+h  (,‘  + ais) 
° \ It  3 Kg  / 

(4.11) 

(It  ) * f 10. 7 J/cm2  | 

I1  or  h -»  00 

(4.12) 

where 

u _ V*s(1  + I/s) A(Itp)op 

= V 

sas(l  + VS^ 

tjp  (A/2  G ) 


tin  (1  + Up) 


a<,(l  + y-)  „ 

in  C — = [12.8  W/cni  K 

p aF(l  + i/F) 


required  cooling  (value  of  surface  heat-transfer  coefficient  h)  to  prevent 
excessive  ( l ■ ^ > A/40)  optical  distortion  during  continuous  repeated- 

pulse  operation 


h = h 


' <V 

T . 


°P  , J a ho  Ls 


= [134  W/cm2  K 
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• thermally  induced  stress  in  coating  layer  1 (replace  1 by  2 for  layer  2) 
at  p = z = 0 


E, 


°1  CTlres  1 - V]  ( “lTP0  " aSBS*TS*z  ) 


“s  ‘ J(1  + I's>  + 

= 0.716  + 0.284  vs  = [0.801  J 
single-pulse  fracture  limit  to  the  energy  density 


(It  ) 

P fp 


1 - v, 


a 


res 


<*iEi 


It 

T 


FpO  / 

[ 12.4  J/cm  ] , for  MgO,  f =4 

• repeated-pulse  fracture  limit  to  the  energy  density 


'Vfp  ="<Vfp'<I  + £+hf/h)'1 


h ->  oo 


[12. 4 J/cm  ] 


for  MgO,  f = 4 


hf , (3sL> 

f 71 


1 - 


asBs 


FpO 


a. 


= [ 5.  19  x 10*2  W/cm2  K 


£ , ^Sr  /,  . <T*Sr\as 


‘FpO 


[ASrOai 


-3 


= [2.24  x 10  ] 


(4 


(4 
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• cooling  required  to  prevent  fracture  (that  is,  to  keep  1 1^  < (It^) 


h = h. 


1 - e 


(4.23) 


= [0.216  W/cm  K J 

(e)  Extreme  Thermally  Thin  Dielectric  Reflectors 

• The  results  for  the  case  of  £p  « Xpt  extremely  well  satisfied  are  the 

same  as  for  uncoatcd  metallic  reflectors  directly  above,  with  Tp^ 

in  (2.7)  and  T^  2=  Tp  q in  (2*  *)•  (The  subscripts  S arc  not  to  be  re- 
placed by  F's. ) 

(f)  Thermally  Thin  Dielectric  Reflectors 

• temperature  at  the  surface  of  the  coating  (p  = z = 0),  with  TgC  and  T^Si.q 
given  by  (2.4)  and  (2.5)  in  (c)  above 


rF0  TAFpO  + TFSp  + 6r(1SC+  IASrO) 

= [27.2  K + 20.0  K+  6r  (5/h  + 0.20  K)  J 


rFp0  1AFp0  + TFSp  [ 47. 2 K ] 


h ->  ® 


47.4  K ] 


• temperature  difference  across  the  coating  (T^,^  =0  at  z = £p)  at  the  end 

_2 

of  a single  pulse  for  absorption  at  z = equal  to  10  times  the  value  of 


z = 0 


) 2S 

AFp 


i a a f. 


AF  6. 91 
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0. 855  I A A, 


TAFpO  ~ ( TAFp  \ =0 


= 4.28  X KTAp/Kp  = [27.2  K 


• temperature  of  the  coating-substrate  Interface  at  the  end  of  a single  pulse 
I A ( t - 1.42  r ) 

T„c  = 2 _ = [20.0  K]  (5.1 

FSp  CS%A+  CF*F  ~ 


XSA  " [ff^p  " Tp>  Ks/4  CS 


= 8.86x  10"4  £(1  - TF/tp)  Kg/Cs  1/2 


= [ 6. 19  jim  ] 

• single-pulse  optical-distortion  limit  to  the  energy  density 


(IVop  " (X/2G)Itp  aS(  1 + I/S)  £SATFSp 


+ aF(  1 + yp)  Ap  (0.415  rAFp0  + TFSp  \ 


= [ 21. 4 J/cm  ] 


• repeated -pulse  optical-distortion  limit  to  the  energy  density  (per  pulse) 


(Itn> 

P o r 


(1Voi 


h (- 
o \ h 


h -*  00 


[ 14. 7 J/cm  | 


where 
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;SaS^  + A (ItP  ^op 
tip(X/2G) 


= 1.40  x 10  ac(l  + yc)(It  ) 

o O Di 


P op 


[ 19.  1 W/cm  K J 


for  250 nm 


= 9. 89  x 10  ac(  1 + pQ)(It  ) 

O P ( 


Pop 


(5. 17) 


= [ 19.  1 W/cm  K ] 


for  354  nm 


• required  cooling  (value  of  surface  heat-transfer  coefficient  h)  to  prevent 
excessive  ( > A/ 40)  optical  distortion  during  continuous  repeated- 


pulse  operation 


h 


( 1 tp  )q  d . i . h°  £s 


It 


3 Kr 


p -s 

= [28.1  W/cm2  K | 

• single-pulse  fracture  limit  to  the  energy  density 


(it), 
p fp 


ctf  „ 

fs  ares 


i_^i 


It 


rFP0 


= [17.2  J/cm 


(5.  16) 


(5.18) 


• repeated -pulse  fracture  limit  to  the  energy  density 

(It  ) ="(It)  "(1+  € + h /h)'1 

P fr  P fp  f 

(It  ) (1  + ef1  = I 17.2  j/cm2 


h -»  <*>  P fp 


(5.  19) 
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where 


h£  = 


TSCh 


f T, 


1 - 


FpO 


asBs 

ot. 


= f 6.  59  x 10"2  W/cm2  K 


(5.20) 


and 


e = 


ASr 


T, 


1 - 


FpO 


* TASr^saS 
TASrOai 


= [2.83  x 10"  5 J 


(5.22) 


• cooling  required  to  prevent  fracture 


h = 


"(Itp)fp” 

It 


- 1 - e 


-1 


= [ 1.26  X 10'2  W/cm2  K 


• single-pulse  melting  limit  to  the  energy  density  (valid  for  both 
thermally  thin  and  thermally  thick  coatings) 


(5.21) 


dU  = l(Tm  + Hf/C)/T  ]10J/cm 

' mp  ' 


2 


(4.24) 


(It  ) - t(Tm+Hf/C)/T  llOJ/cni 

* mr 


(4.25) 


• convenient  relation  between  values  of  optical  distortion  thresholds 
(valid  for  both  thermally  thin  and  thermally  thick  coatings) 


1 


1 


1 


<v  <v 

' or  ' 


ao  at ) 


op 


SC 


AS 


(5. ITa) 
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where 


(It  ) 


In.  (X/2G) 

•P  „ H ln-6  h 

= 7.  14  x 10 


P sc  + VS)  A 


as(l+  i>g) 


- L 31.4  J/cm2  J 


and 


(It  ) 
PAS 


3t.pKs(X/2G) 


Kr 


aasXs  (1  + i/c) A 


= 2. 14  X 10 


aag(I  + vs) 


[46.  9 J/cm  ] 
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U 


AITENDIX.  UK  AT  1' LOW  IN  MANY- LAYERED  STRUCTURES 


The  time  required  for  heat  to  diffuse  a distance  d » Xj  + X.-,  along  z in  a 
semi -infinite  medium  consisting  of  repeated  pairs  of  layers  of  thickness  z = X 
and  z = X.,  is 


t = Cp  d / 4 K j. 


whe  re 


CF 


C J X J + C,->  i.y 


X]  + x2 


K j K.?  (X  ^ + X.,  ) 


K j X2  + K2  X j 


For  Cj=  G,  = C.  (A.  2)  gives  Cp  = C;  and  for  Cj  = Ct  » C2  with  Xj  = X2> 


’p  = — C . For  Kj  = K2  = K , (A.  3)  gives  Kp  = K;  and  for  K,,  » 5 K( 


with  Xj  = X.,,  Kp  = 2Kp 


If  c = CX  and  k = KX,  (A.  2)  and  (A.  3)  can  he  written  as 


c = c 4-  c 

F 1 l2  ’ 


kp  — k j •+■  k,; 


For  the  case  of  optical  coatings  with  all  layers  of  one-quarter  wavelength  optical 


thickness  (that  is,  Xj  = (A/4)/iij  , etc.),  (A.  2)  and  (A.  3)  give 


Cln2  ‘ C2°l 


nl  + n2 


3.  14  J/cm3  K ] 


K j K2 (n^  + n 2 ) 


X n 2 ^2  n2 


[0.28  W/cmK] 


Sec.  13-Appendix 


■ 

f 


The  effective  value  of  a ( 1 + v)  for  the  coating  is 
aj(  1 + vx  )n2  + ctr,  ( 1 + v0  ) n, 


0!p  ( 1 + fp  ) 


2 ' T 


nl+  n2 


= [ 16.0  x 106K_1 1 


(A. 7) 


A formal  explanation  of  these  results  is  useful  in  developing  intuition.  First 
consider  a two-layer  structure  with  T = 0 at  time  t = 0 and  T = at  x = 0 at 

all  times  with  no  heat  flow  (dT/dx  = 0)  at  x = at  all  times.  A schematic 

illustration  of  the  temperature  distribution  at  various  times  for  the  case  of  K ^ 
and  Cj  = is  given  in  Fig.  A.  1.  If  this  two-layer  structure  were  replaced  by  the 
semi- infinite  structure  in  which  the  structure  of  Fig.  A.  1 is  repeated  over  and  over, 
the  values  of  T at  x - ^ would  be  lower  than  the  values  in  Fig.  A.  1 as  a re- 

sult of  the  heat  flow  across  the  surface  x = X j F into  the  next  layer  (the  third 
layer,  which  has  K = Kj ). 

At  a later  time,  after  the  heat  has  diffused  through  many  pairs  of  layers,  the 
temperature  distribution  is  as  shown  schematically  in  Fig.  A.  2.  In  the  first  few 
layers  starting  from  x = 0 in  Fig.  A. 2,  the  dashed  curve  corresponds  to  the  known 
steady-state  heat  flow  results 

J = Kp(AT1+  AT2)/U1+  i2) 

- MV1!  = K2AT2/<2 

whose  solution  gives  (A.  3). 


F, 


Sec.  B-Appendix 


Equating  the  product  of  rate  of  energy  added  to  the  sample  per  unit  times  the 
time  t 


~KF(TQ/d)t 


to  the  increase  in  energy  of  the  sample 

d 


~(C,  1.  + G,  £„  ) 


'11  2 2 ; £j  + £2 


and  solving  for  t gives 


t = 4 Kp  d2/  Cp 


(A.  8) 


where  Cp  is  given  by  (A.  2)  and  the  constant  4 in  (A.  4)  was  chosen  to  give  t = 4Kd“/C 


for  the  case  of  Kj  = K2  s K and  = C2  s C. 


The  effective  value  of  a(  1 + v)  that  determines  the  normal  (along  z)  expansion 
of  the  coating  is  easily  obtained  as  follows: 


(A.  l>) 


Alp  = N(A!j+AX2) 

where 

N = 1 (£  + X2)_1 

is  the  number  of  pairs  of  layers  in  the  coating.  With  i j ~ l/n(  and  ~ 1/n., 

Alj  = JtjOtj  ( 1 + i/j)  <T> 

and  the  corresponding  expression  with  subscripts  1 replaced  b>  2's,  (A. '>)  reduces  to 


Alp  = ipttpd  + l/p)  <T>£ 


(A.  10) 


with  Op.  ( 1 + Vp)  given  by  (A.  7). 


! 
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C.  THERMAL  STRESSES  AND  EXPANSION  IN  MULTILAYER 
DIELECTRIC  REFLECTORS 

M.  Sparks 

Xonics,  Incorporated,  Santa  Monica,  California  90401 

Expressions,  needed  in  analyzing  fracture  and  optical  distortion  of  high-power 
reflectors,  are  derived  for  the  thermal  stress  and  expansion  in  thin  multilayer 
coatings  (total  thickness  ip)  on  thick  heat-conducting  substrates  (thickness  £<,  and 
diameter  D).  Simple  closed-form  results  are  obtained,  even  though  the  temperature 
varies  axially  and  radially,  by  considering  the  usual  case  of  ip  <<  i^  <<  D and  by 
considering  the  stress  as  the  sum  of  two  terms.  The  detached -stress  term  is  that 
of  a reflector  divided  into  many  thin  layers,  and  the  attachment-stress  term  is  the 
stress  required  to  bring  the  layers  back  to  their  actual  positions.  The  general 
results  for  the  stress  simplifies  considerably  for  p = 0 (axis  of  the  cylinder),  where 
fracture  often  occurs.  Thickness  changes,  which  cause  optical  distortion,  tend  to 
be  more  affected  by  detachment  stresses  than  by  attachment  stresses.  Neglecting 
the  latter  greatly  simplifies  the  analysis  and  results  and  gives  quite  accurate  results 
(five  percent  for  the  worst  temperature  distribution  and  of  order  /4  £ for  the 

l O 

best  case  of  a currently  used  reflector)  for  many,  but  not  all,  reflectors. 


Sec.  C-  I 


I.  INTRODUCTION  ANT)  SUMMARY 

The  availability  of  high-power  lasers  has  generated  interest  in  new  classes  of 

materials  problems*  \ as  discussed  in  Ref.  5.  A theoretical  analysis  of  problems 

of  windows  for  high-power  systems  was  carried  out  some  time  ago  \ In  a recent 
4 5 

analysis  ’ of  high-power  reflectors,  it  was  found  that  dielectric  reflectors  were 
required  because  the  intrinsic  absorptance  A of  metals  is  too  great,  the  value 
A being  0.08  for  aluminum  for  124  nm  S 500  nm.  The  high-power  reflectors 
considered  here  consist  of  metallic  substrates  or  other  high-thermal-conductivity 
substrates.  Low-absorptance  reflectors  must  have  a sufficient  number  of  dielectric 
layers  to  reduce  the  irradiance  to  a very  low  value  at  the  substrate  in  order  to  pre- 
vent excessive  absorption  by  the  substrate.  Two  typical  ultraviolet  reflectors^’  ' 
deposited  on  fused  silica  have  21  and  45  layers.  The  number  of  layers  can  be 
reduced  by  depositing  the  optical  coating  on  a thin  aluminum  intermediate  layer. 

The  substrate  serves  to  conduct  heat  out  of  the  coating  and  to  provide  the  mechanical 
stability  necessary  to  maintain  the  required  optical  figure. 

Two  problems  are  of  interest  in  laser-heated  reflectors.  The  first  is  the 
calculation  of  stresses  in  the  layers  of  the  coating  and  fracture  resulting  from 
excessive  stresses.  The  second  is  calculation  of  the  thickness  change  from  thermal 
expansion  and  the  resulting  optical  distortion.  In  considering  these  problems,  the 
needed  thermal-stress  analyses  were  not  found  in  the  standard  references.  Dif- 
ficulties arise  because  the  temperature  varies  in  two  directions  (axially  and  radially). 
In  the  present  study,  the  stresses  will  be  estimated  and  several  simple  problems 
will  be  solved  and  related  to  well  known  results  in  order  to  provide  sufficient  back- 
ground and  intuition  to  understand  the  results.  It  is  found  that  reliable  estimates 
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can  be  made  for  the  usual  case  in  which  the  substrate  is  thin  and  the  coating  is 
much  thinner  than  the  substrate. 

In  the  calculations,  the  following  assumptions  will  be  made: 

• The  problems  of  calculating  the  deviations  from  the  idealized  results  that 
occur  near  die  rim  (within  a distance  of  the  order  of  the  thickness)  of  thin  disks 
and  near  the  ends  (within  a distance  of  the  order  of  the  diameter)  of  a long  rod  are 
not  considered. 

• The  substrates  are  thin  (thickness  Xg  <<  diameter  D g)  . 

• The  coatings  are  thin  (thickness  £p  <<  Xg)  . 

• The  system  has  cylindrical  symmetry  (all  variables  independent  of  the  azi- 
muthal angle  0)  and  is  linear  . 

• The  support  system  for  the  reflector  does  not  allow  the  reflector  to  bow. 
Specifically,  the  rear  surface  (at  z = Xg  + Xp)  remains  in  a plane. 

In  order  to  afford  numerical  examples  of  the  results  derived,  die  following  pa- 
rameters will  be  used: 

• pulse  duration:  t = 10  ^ s 

• pulse  repitition  rate:  100  pulses  per  second  (tj  = 10  ^ s) 

2 

• energy  density:  lOJ/cm  /pulse 

• absorptance  of  the  reflector:  A = 5 x 10  ^ 

g 2 

• heat-transfer  coefficient:  h = 0. 1 W/cm  K 

• substrate  (Mo)  heat  capacity:  Cg  = 2.  61  J/cm'^  K 

• substrate  (Mo)  thermal  conductivity:  Kg  = 1.4  W/cm  K 

9 

• substrate  thickness:  Xg  = 0.1cm 

• total  coating  thickness:  1.81/im 

Numerical  values  in  brackets  in  the  results  below  are  for  these  values  of  param- 
eters. 
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Summary  of  Results.  In  analyzing  the  failure  of  high-power  reflectors,  the 
thermal-stress  components  and  the  thickness  change  are  needed.  In  general,  when 
the  temperature  is  a function  of  two  variables  such  as  p and  z,  calculating  the  stress 
components  is  difficult.  However,  a sufficiently  accurate  estimate  is  made  for  thin 
coatings  (thickness  £ p)  on  thin  substrates  (thickness  £ g an:'  diameter  D),  that  is, 
for  £ p <<  <<  D.  In  the  estimate,  the  stress  is  considered  to  be  the  sum  of  two 

terms.  The  detached-stress  term  is  the  stress  that  would  arise  if  the  reflector 
were  divided  into  many  thin  layers  that  are  detached  from  one  another,  and  the 
attachment  stress  is  the  stress  resulting  from  reattaching  the  layers,  that  is,  from 
returning  the  layers  to  their  proper  positions. 

The  general  results  for  the  stress  components  are  given  in  (4.  1),  (4.2),  (4.  14- 
4.  17).  In  most  practical  cases,  the  center  of  the  coating  (p  = 0)  is  expected  to 
fracture  first.  In  this  case,  the  general  results  simplify  considerably  to  the  re- 
sult (4.  19).  The  stress  components  for  the  limiting  case  of  p approaching  R 
also  are  given,  in  (4.20)  through  (4.23). 

The  detached  stresses  tend  to  cause  greater  thickness  changes  than  do  the 
attachment  stresses.  The  analysis  and  results  are  greatly  simplified  by  neglecting 
the  attachment  stresses.  The  resulting  expression  for  the  thickness  change  is  quite 
accurate  for  the  following  cases:  (1)  For  an  uncoated  reflector,  the  result  is  exact 
(to  within  the  limitations  of  the  model,  of  course.)  (2)  For  a temperature  distri- 
bution that  is  not  peaked  in  the  coating  the  errors  are  very  small,  of  order  £p/£g. 
(3)  l or  a thermally  thin  coating  (thickness  £j  <<  thermal  diffusion  distance  £ 
the  errors  are  small  since  most  of  the  expansion  occurs  in  the  substrate,  which 
does  not  contribute  to  the  error.  (4)  For  elastically  similar  coating  and  substrate 
materials,  that  is,  fora  small  magnitude  of  p./E.  - p„/E„,  the  error  is  small, 
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being  zero  when  iz./E^  - yg/Eg  = 0 for  both  layers  i = 1 and  2.  The  greatest  error, 
which  could  be  approximately  30  percent,  is  likely  to  occur  in  a thermally  thick 
coating  (4^  < 4p)  with  Tg^  « , where  Tg^,  is  phe  average  temperature 

(over  many  pulses  in  the  repeated-pulse  system)  of  the  substrate  and  coating  and 
Tp  is  the  temperature  resulting  from  a single  pulse  (see  (2.  1)),  and  elastically 
dissimilar  materials  (great  magnitudes  of  (y./E.  - yg/Eg)).  The  general  expres- 
sion for  the  thickness  change,  including  the  attachment-stress  effects,  is  given  in 
(5.  12)  and  (5. 13),  and  the  simple  approximation  obtained  by  neglecting  the 
attachment-stress  components  is  given  by  (5.13). 

The  general  results  for  the  stresses  and  thickness  change  are  applied  to 
practical  reflectors.  Several  well  known  results,  which  are  useful  in  the  present 
context,  are  given  in  the  Appendix. 
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II.  TEMPERATURE  DISTRIBUTION 


The  general  results  derived  herein  will  be  illustrated  with  the  following 
specific  temperature  distributions.  The  radial  distribution  will  be  taken  as 


Gaussian 


T (p,  z)  = T(0 , z)e'a0  , (2. 

2 2 

truncated  at  1/e  , that  is,  at  R =2,  where  R is  the  radius  of  the  reflector  and 
p and  z are  circular-cylindrical  coordinates.  All  variables  are  assumed  to  be 
independent  of  the  angle  coordinate  0;  that  is,  the  system  is  invarient  under  all 
rotations  around  the  z axis.  The  temperature  distribution  (2.1)  could  result 
from  a Gaussian  laser  profile  with  negligible  radial  heat  diffusion,  for  example. 

A typical  z dependence  of  the  temperature  is  that  of  a repeated-pulse 
system,  which  is  shown  schematically  in  Fig.  1.  The  energy  absorption  from 
the  incident  optical  beam  occurs  near  the  surface  of  the  coating  (near  z = 0). 
During  the  pulse,  of  duration  t , the  heat  diffuses  into  the  structure  a distance 
Thus  the  temperature  is  great  in  the  region  0 < / < i ^ as  shown.  The 
temperature  distribution  in  the  region  £ ^ <?  / < a j-  + i <.  results  from  the 
diffusion  across  the  substrate  during  the  interpulse  time  and  the  cooling  at  the 
back  surface  of  the  substrate  ( at  z = l j,  + ). 

A good  approximation  to  the  z dependence  of  the  temperature  for  the  purpose 
of  illustration  and  indeed  for  important  practical  systems  is 


T(p,  z)  = T ^ ( p,  z ) + Tsc(p) 

where  T , the  temperature  resulting  from  a single  pulse,  is  large  only  in  the 
region  0 < z <?  j[  ^ in  Fig.  1.  The  long-time  average  temperature  T ^(p)  is 


(2.2) 
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essentially  flu'  temperature  at  the  beginning  of  a pulse  in  the  repeated -pulse 
system,  l or  a single  pulsi , (2.2)  is  replaced  by 

T(p,  .-)  = T (p,  /),  (2.3) 

and  for  cw  operation  (2.2)  is  replaced  by 

T(p.  y ) = tsc(p).  (2.4) 


The  thermal-diffusion  distance  in  the  substrate  in  time  t = 10_6s  is5 

P 


*th  = (',Ks,p/cs)l/2  = n-s  »">  , 


(2.5) 


which  is  two  orders  of  magnitude  smaller  than  the  substrate  thickness  £ , = 0.  1 cm. 

ij 

Thus,  the  approximation  £th  « is  well  satisfied. 

Tlie  temperature  Tsc  of  the  back  surface  (at  z = + / ) of  the  substrate 

is  determined  by  the  magnitude  of  the  heat  flow  IAt^/t.^  , where  1 is  the  irra- 
diance,  t is  the  time  between  pulses,  and  A is  the  absorptance  of  the  reflector 
into  the  coolant  and  the  heat-transfer  coefficient  h(W/cm“K):5 


T 


SC 


It  A/t.  h = 
P >P 


l 50  K 1. 


(2.6) 


The  value  of  1 is  measured  with  respect  to  the  coolant  temperature.  (For  this 
temperature  of  50  K , the  optical  distortion  is  excessive.  Methods  of  reducing 
the  optical  distortion  are  considered  in  Ref.  5. ) 

That  the  temperature  drop  across  the  substrate  is  small,  as  assumed  in  (2.2), 

can  be  seen  as  follows:  Since  the  thermal-diffusion  distance  ( =0  146cm 

-2  "P 
during  the  time  t^  - 10  s between  pulses  is  greater  than  the  substrate  thickness, 
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the  temperature  distribution  in  the  substrate  is  approximately  the  same  as  if  the 
absorption  occurred  uniformly  throughout  the  substrate.  The  steady-state 
heat-flow  equation  is  then 


-K„d2T/dz2  = It  A/t.  JLC  . 

S p Lp  s 

The  solution  for  the  boundary  conditions  3T/Sz  = 0 at  z = 0 (no  heat  flow  at 
the  surface)  and  T = Tsc  at  z = JLp  + ^ a;  is 


T = Tas(1-z2/1s2) 


whe  re 


TAS  = VV2tlpKS  = [0-179  K],  (2.7) 

Since  tas<<:  1 Sc  according  to  (2.6)  and  (2.7),  the  constant-substrate-temperature 
approximation  In  (2.2)  is  well  satisfied. 

For  the  Gaussian  radial -temperature  distribution  (2.  1),  the  radial -average 
temperature  is,  for  aR2  = 2 , 

<T>R  = — ~2  (I-e‘aR  )T(0,  z)  = 0.432T(0,  z)  , (2.8) 

aR 

and  the  rim  (p  = R)  temperature  is 

T ( R , z ) = 0.  135T ( 0 , z ).  (2.9) 

For  the  z dependence  in  (2.2)  and  for  the  typical  case  of  L , T « T^^  satisfied, 

th  p SC  S 

the  z-averaged  temperature  is 

♦ ~ TSC  ’ (2’  lfl) 


i 
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III.  SIMPLE  CASES  OF  THERMAL  STRESSES 

Several  simple  cases  of  thermal  stresses  will  be  considered,  as  discussed  in 
Sec.  I , before  considering  the  most  general  case  of  interest.  As  the  first  case, 
consider  a long,  thin  composite  rod  consisting  of  a core  having  thermal  expansion 
coefficient  ag,  thermal  conductivity  Kg,  heat  capacity  Cg , and  diameter  Dg . A 
thin  outside  coating  of  thickness  Xp  has  tt]:,  Cp,  and  Kp . The  temperature  of 
the  core  and  coating  is  increased  uniformly  from  the  temperature  at  which  the 
stresses  are  zero  (defined  as  the  zero  of  temperature)  to  temperature  T.  Since 
the  rod  is  long  (length  L » Dg),  the  slight  deformations  of  the  ends  of  the  rod 
are  negligible,  and  the  rod  maintains  its  cylindrical  shape.  In  particular,  the 
assumption  that  the  ends  remain  flat  is  well  satisfied  when  considering  the  stresses 
away  (distance  5 Dg)  from  the  ends  of  the  rod.  For  simplicity  of  the  illustration, 
only  the  expansion  along  the  length  of  the  rod  is  considered. 

An  important  conceptual  device  in  the  calculations  herein  is  to  consider  the 
reflector  to  be  divided  into  many  thin  layers  that  are  first  considered  to  be  de- 
tached from  the  other  layer  and  then  exposed  to  stresses,  called  attachment 
stresses,  that  bring  the  layers  back  to  their  proper  positions.  The  total  stresses 
are  then  the  sums  of  the  stresses,  called  detached  stresses,  in  the  detached 
layers  and  attachment  stresses.  In  the  present  example  the  coating  is  considered 
to  be  detached  from  the  core.  The  detached  coating  expands  (assuming  that  c*p  is 
positive),  the  displacement  being 

Wp  = ttpTz  , 

and  the  detached-core  displacement  is 


lh.l 
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ws  =asTz 


The  detached  stresses  are  zero 


°Sd  CTFd  0 


since  the  expansion  is  unconstrained. 


Now  suppose  that  the  coating  and  core  are  brought  back  to  their  proper 


positions  at  temperature  T by  applying  the  attachment  stresses.  In  this  simple 


case,  forces  can  be  applied  to  the  ends  of  the  coating  and  core.  In  general,  for 


temperature  variations  along  the  length  of  the  structure,  for  example,  the  attach- 


ment stresses  cr  would  be  functions  of  z.  To  be  concrete,  suppose  that  av  > a 


F S 


Then  the  film  must  be  compressed  (compressive  stress)  and  the  core  must  be 


lengthened  (tensile  stress).  The  attachment  condition  is  that  the  sum  of  the 


forces  at  the  ends  of  the  rod  must  be  zero.  That  is,  the  total  tensile  force 


the  core,  (^Dg/4)cr,z  Sa  > must  efiual  the  magnitude  of  the  total  compressive  force 
on  the  coating,  ~(rr  Dg  ) oyy  p : 


Dc  cr  c + 4 £ „ cr  „ =0 
b zzSa  F zz  Fa 


Here  o?7  ga  is  positive  (tensile),  and  cr^  is  negative  (compressive). 


zz  Fa 


Since  £p  « , (3.2)  indicates  that  pa  lias  a much  greater  magnitude 

than  that  of  azzg  . Thus  the  length  change  of  the  core  resulting  from  the  attach- 


ment stress  is  negligible,  assuming  no  anomalies  in  the  values  of  Young's  modulus. 


Physically,  the  coating  is  too  small  to  affect  the  large  core.  ITic  stress  a „ is 

zz  Fa 

therefore  the  value  required  to  compress  the  coating  until  its  length  is  equal  to 
that  of  the  core  (L  + tt<.TL);  that  is,  to  compress  the  coating  by  a j.TL  - 1 L: 


A 
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CTzz  Fa  ‘(aF'°S)hFT 


(3.  3) 


where  Ep  is  the  Young's  modulus  of  the  film. 


The  total  stress  in  the  coating  is  the  sum  of  the  detached  value,  which  is  zero 
from  (3.1),  and  the  attachment  value,  from  (3.3): 


zzF 


- (aF  - «<,)  Ep  T , 


(3.4) 


This  result  is  independent  of  the  heat  capacities  C and  thermal  conductivities  K 
of  the  coating  and  core  for  this  case  of  a constant  temperature  rise.  If  heat  were 
applied  to  the  surface  for  a given  time,  for  example,  the  stresses  would  depend 
on  the  values  of  C and  K in  general. 


If  ip  « Dg  is  not  well  satisfied,  the  second  condition  in  addition  to  (3.2) 
required  to  find  the  values  of  the  stresses  is  that  the  lengths  of  the  coating  and 
core  must  be  equal.  Then  (3.2),  (3.  1),  and 


cr  ^ = E„  Ai,, 

zz  Fa  F Fa 


°zzSa  KSA£Sa 


- A£pa  + AiSa  (ttF  ” ) I L 


give 


°zz  F = 


DShSEF(aF  ' “s*1  L 


Dg  Eg  + 4 £p  Ej 


(3.5) 


and 


°zz  S = 


4 ip  Eg  Ep  (c*p  -«S)TI, 


DsEs+4£pEp 


(3.6) 
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As  the  second  case,  consider  a thin  circular  substrate  (thickness  fg  « diameter 
Dg)  coated  with  a much  thinner  coating  (thickness  ip«  j?g ).  The  temperature 
is  increased  uniformly  to  T above  the  temperature,  defined  as  zero,  at  which  the 
stresses  are  zero.  The  detached  stresses  are  zero 


°pp  Fd  CT0<f  Fd  CTpp  Sd  Sd 

since  the  temperature  is  uniform.  Here  p,  <&,  and  z are  the  circular-cylindrical 
coordinates.  The  radial  displacement  of  the  coating  relative  to  the  substrate  is 


u 


Fd 


u 


Sd 


(a  J;  - ag)  Tp  . 


(3.8) 


As  in  the  previous  example,  for  £p  « , the  change  in  the  radial  dis 

placement  of  the  substrate  on  attachment  is  negligible.  Thus  the  attachment 
stresses  in  the  coating  must  change  the  coating  displacement  by  the  amount 


uFa=  -(uFd'  uSd)=  -<aF-as>TP  * 


(3.9) 


From  (3.7),  (3.9),  and  cr  p ~ app\-\\  + CTppi  a anc*  t*’c  c°rresponding  result, 


CTpp  F CT0p 


EpT 


(a, 


aS> 


(3.  10) 


where  i/j  is  the  Poisson  ratio  of  the  coating  and  F.p/(  1 -Pp)  is  the  appropriate 
elastic  stiffness  constant  for  the  circular  cylindrical  geometry  and  displacement 
proportional  to  p,  just  as  F.p  is  the  elastic  stiffness  constant  for  the  linear 
geometry  of  the  previous  geometry. 

Both  of  these  stress-strain  relations  follow  from  the  general  relations  for 
8 

rectilinear  coordinates 
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CT.. 


who  re 


= ^6^  f f 2 fi c jj  • (3X  + 2 4)  6..  J 

6..  is  the  Kronecker  delta, 
ij 


3 


x - 

(l  + y)(l-2y)  ’ 

H - E/2  (1  + v ) > 

3X  +2n  = E/(l  -2v)  , 


and 

E(l-ix) 

X -f  2 u — — • 

(l  + v)(l  -2v) 

For  the  linear  geometry,  c = e = - vc 

b J xx  yy  zz 

ratio  . Then  (3. 11)  with  T = 0 gives 


by  the  definition  of  the  Poisson 


°zz  = ('~2Xv  + ^ + 2li)  fzz  = Eczz 


which  is  the  result  used  above. 


For  circular-cylindrical  geometry,  setting  ctzz  = 0 (plane-stress,  for  thin 
disks)  in  (3.  11)  gives 

V 

Czz  1 - v % p * 

From  (3,  11)  and  (3.  13), 


E ( + V€^) 


k 
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E%«  + ''€pp) 

1 - v 2 


(3.15) 


lor  the  present  case  of  u proportional  to  p,  the  strains  e = du/dp  and 
= u/p  are  equal,  and  (3.  14)  and  (3. 15)  give 


He 


app  CW 


Op 

E 


(3. 16) 


which  is  the  result  above. 


As  the  third  case,  the  result  (3.  10)  is  easily  extended  to  the  case  of  a thin 
multilayer  dielectric  coating,  where  thin  means  that  the  total  thickness  £p  of  all 
layers  in  the  coating  satisfies  4 ( . « 1 ^ . Each  layer  of  the  coating  is  considered 
as  detached,  and  each  of  the  detached  layers  acts  just  as  the  single  detached  layer 
in  the  previous  case.  Thus  the  detached  stresses  are  zero,  as  in  (3.7).  Since 
£p  « ig  , the  attachment  stresses  do  not  change  the  substrate  diameter  appre- 
ciably; thus,  (3.8)  is  satisfied  for  each  layer,  and  the  remaining  analysis  is  the 
same  as  in  the  previous  case.  The  result  (3. 10)  is  therefore  valid  for  each 
layer  i : 


E.  T 

ai  = ’ Tqr  (03  ’ 0fS) 


(3.  17) 


where  a.  ^ a . = o\*.  . 

i ppi  <M>  i 

The  fourth  case  is  the  same  as  the  third,  except  that  the  temperature  is  a 
function  of  z.  The  displacements  of  the  detached  coating  layers  are 

uid  = 0qTFp*  <3»  I8> 

The  temperature  Tp  in  the  coating  typically  varies  smoothly  with  z,  as  shown  in 
Appendix  A of  Ref.  5.  The  displacement  of  the  detached  substrate  is 
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r-iu 


11  sd 


(3.  19) 


WllCl'C 


< T 


r 


+ 1 s 


dz  T<, 


(3.20) 


£P 


is  the  average  substrate  temperature.  As  before,  the  attachment  displacement  of 
the  substrate  is  negligible  since  f . The  attachment  displacements  of  the 


layers  arc  therefore 


u.  = - ( u 
la 


id"  USd)  ~(ai  rF  " aS  ^ T \s  ) p 


(3.21) 


and  the  attachment  stresses  required  to  give  the  displacement  (3.21),  which  are 
the  total  stresses  since  the  detached  stresses  are  zero,  are 


E. 


Ct  . = CTJ 

op  I 


00  1 


1 -V. 


aiTF  • aS<TV.  ) 


(3.22) 


For  constant  temperature,  (3.22)  reduces  correctly  to  (3.  10). 


Setting  E.  = E,  a.  - o>^=  a,  and  f.  = = F in  (3.22)  gives  the  result 

(with  Si  = j0c  — £c  + l-n) 


a = cr , . 

op  00 


- r^(-T+  <Th  > • 


(3.23) 


The  well  known  result  for  a thin,  unsupported  (bowing  not  prevented)  plate  is 


. 8 


a = 04,  = ~ ( - T + ( T>  + - (Tz')| 

OO  00  1 - F * f - 


(3.24) 


► > 


where 


z'  5 z-  2* 


and 
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JD  II 

<TzV  x f 6z(z ■ t £)T  = -k /dz'2  T 


with  h = y £ . determine  the  bowing  of  the  plate.  For  <T z' ) = 0 there  is 
no  bowing,  and  (3.24)  agrees  with  (3.23),  which  was  derived  for  no  bending. 

9 

The  bending  factor  12  z’  ( T z'  ) Ea/  (1  - v ) i in  (3. 24)  can  be  obtained  by  the 
detachment  method.  For  the  cases  considered,  the  attachment  stresses  exert 
torques  on  the  plate,  the  torques  being  necessary  to  prevent  bowing.  If  the 
bowing  is  not  prevented,  the  torque  must  be  zero: 


hf 


dz'z'a  = 0 


The  torque,  normalized  as  in  (3.25),  from  the  stress  a in  (3.23)  is 

DP 


Adding  the  stress  (const.)  z’  to  (3.23)  and  solving  for  the  value  of  the  constant 
(const.)  required  to  satisfy  (3.25)  gives  (3.24). 
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IV.  GENERAL  CASE  OF  STRESSES 


Having  demonstrated  the  general  features  of  the  method  in  the  preceding  cases, 
the  general  case  in  which  the  temperature  is  a function  of  p and  z will  now  be 
considered.  The  method  is  simple,  but  the  algebra  is  slightly  involved.  The 
stresses  in  the  detached  coating  layers  are,  from  (A.  32) 


ppid 


= (<T> 


R 


(4.1) 


Vld  “ laiEi[<T>R  + <T)o  - 2T<P’Z>1 


(4.2) 


and  from  (A.  35)  the  detached  coating  layer  and  substrate  displacements  are 


uid  = Bpiai<T>PP  ’ 


and 


USd  BpS  as  ^TVxs  p ’ 


where 


< <T  Vi 


f*p+is  az  r 

Jo  J n 


S p £g  •'ip 


dz  / dpp  T , 
0 


(4.  3) 
;4.4) 

(4.5) 


<t>0-4  f dPPT(P*z>  , 

p p2 


. 4 r 

R2  J0 


<T>r  3 —5  I dpp  T (p,  z ) , 


BPi  * + O + 5(|-V<t>r/(t>p  • 


and 


Bps‘T<1+Es>+  i(s*s»(m«Vl!lVis 


(4.6) 


(4.7) 


(4.  8) 


(4.h) 
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For  ip«  ig  , the  chajige  in  u,-.  on  attachment  is  negligible,  and  the  attachment 


displacements  of  the  layers  are 

"ia  * •(uid'uSd>=-  Bpi“i<Vp'BpS“s«T>pV  » 


Next  consider  the  strains,  which  are  needed  in  the  expression  (3.  14)  and 

•v 

(3. 15)  for  the  stresses.  The  general  expressions  are 


(4.10) 


€ppia  $p 


u. 

ia 

*00ia  p 


(4.11) 


From  (4.10),  (4.11),  and 


SB  P 

— £—  = b + pir 
p H p 


with  the  prime  denoting  d/3p,  the  strains  are 


[<Bpi  + pBpi>“i<Vp  -(Bps+Pups»“s<<T>p>t< 


(4.  12) 


f00ia 


‘ f 1 pi  “i  ( !0  p I3pSaS  ^ ( 1 V ) 


(4. 13) 


Substituting  (4. 12)  and  (4.  3)  into  (3.  14)  and  (3.  15)  gives 


0 

ppia 


0_. 
00 1 a 


+ pBpi]0i<T>f 


IBpS»+V  + pBps>“s<<1V<s} 


73  {"’pi  (1+l,i>  + t'lplpi  |0,l<T>p 


[|!ps(1  + 1'i)  + 1/|Pivsios  <n->pv 


(4.  i ll 


(4.  15) 
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where 


pB'  . 

pi 


(1-^)(T>r 


<T; 


(T  - <T>, 


The  general  results  for  the  coating- layer  stress  are 


CT  . — cr  . , + a 
ppi  ppid  ppia 

and 

°00i  °00  id  + a00ia 


(4. 16) 


(4.17) 


Where  appid  ’ °00id  ’ %ia  ' and  CT00ia  ^e  given  by  (4.1),  (4.2),  (4.14), 
and  (4.  15). 


For  the  limiting  case  of  p -»  0,  we  have 


£im  B’  = 0 , (4. 18) 

p->  n P 

Him  <T  ) = T (0,  0)  , 
p-v  0 °P 

and 

1 f F S 

Him  «T>  >.  =7-  / dz  T (0 , z)  s (T> 

p-,0  P *s  7 0 *S 


and  the  rather  involved  general  results  (4.  1),  (4.2),  (4.  12)  — (4.15),  reduce  to 


the  simple  result 


Him  a Hi m a . 
„ PP1  „ n Mi 

p -»  0 p -*  0 


Ei  ai 
1 - V: 


„ B0SaS 
(°,  z)  - — <T> 

ai 


where 


(4.  19) 


1 


k 


17.1 


r 
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Bos  - j(i«s)*T('-V(m«l»s/<Iolis  • 


In  (4.  18)  it  was  assumed  that  BT/Sp  = 0 at  p = 0 . 


This  result  (4. 19)  has  a number  of  interesting  limiting  values: 


t = fhm  o . = lim  a,  . . 
00i  o Q PP‘  p-,0 


ai  Ei  To 


T = Tq  =const. 


ct.  E.  / ctc  i 

— - — - ( T - — — b ) 
l-v-  \ 0 a.  OS  / 


— r * - 4-  a.  E.  (T-  ( T>„  ) , 

T(p),  i/.=  vs  2 i r R ’ 


x.  E.  / Of  c » 

-V(v  af<nj  - 


TlD.tt^Og1  • r^<V<T>ls> 


a.  E.  T 

- _ i i 0 

pulse  ( ( T)Q  — 0 ) 1 - v. 


For  the  limiting  case  of  o -*  R,  we  have 


BfTN 

Aim  - - = - 4 KTN.J  - T (R,  y)\  , 

p-»  0 P K K 


Aim  pB’  = (1  -i/)(l  - T (R,  z)/(TNr  ) , 
P-*  0 


L 
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Li 


>cc . u-iv 


and 


l\m  B 
p ->  R 


= 1 , 


and  the  results  (4.  1),  (4.2),  (4. 14),  and  (4. 15)  become 


ct  . . = 0 , 

ppid 


%id  = aiEif<T0)R-  T(R’0)1  ’ 


(4.20) 

(4.21) 


a = 
ppia 


| [2  - (1-  »1)T(R,  0)/<T0>R]  aj  <T0)r 


[2  + i/.-i;s-(l-i;s)T(R,0)/<T0)R]as<<T>R)Jt  . (4.22) 


and 


E. 


00  ia 


-j— ^ j [ (l+i/.)  + |/.(l-  p.)(l-  T(R,  0)/<T0>Ria.(T()>] 


R 


’ [ ( 1+  Ej ) + Ej  ( 1 ■ t'g)  ( 1 - T ( R,  0 )/  < TQ)R  ] as  «T)R)g 

S I 


(4.23) 


It  is  possible  that  the  coating  could  fracture  near  the  rim  of  the  reflector 
rather  than  at  the  center.  For  example,  if  a.  = and  v ■ = v c » arid 
T * f (z)  , the  attachment  stresses  are  zero.  For  a Gaussian  temperature 


distribution  (2.  1)  truncated  at  l/c^  , the  values  of  (T)^  and  T (R)  are 


(T  )r  = 0.432 


T(R)  = 0.135  , 


(4.24) 


and  (4. 1)  and  (4.2)  give 


iim  a . = 0 

„ PP1 
p ->  R 


(4.25) 


Him  a...  = 0.297  a.  E.  Tn 
001  1 1 0 

p -»  R 


(4.26) 
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iim  a ■ = iim  a . = -0.284  a.  E.  Tn  . (4.27) 

p->  0 PPl  p-*0  1 1 0 


Tlie  magnitudes  of  the  a,. . at  the  center  and  rim  are  approximately  equal, 

001 

but  the  rim,  being  in  tension,  is  expected  to  fail  first. 


In  general,  however,  the  properties  of  the  coating  layers  and  substrate  are 
sufficiently  different  that  the  failure  occurs  in  the  center  of  the  coating  (p  = 0 ). 
Furthermore,  the  temperature  distribution  that  is  peaked  near  z = 0 at  the  end 
of  single  pulse  causes  failure  at  the  center  of  the  coating,  and  in  typical  repeated 
pulse  systems  the  requirement  for  small  optical  distortion  dictates  that  the 
peaked  single -pulse  temperature  essentially  determines  the  fracture  threshold. 
Thus,  in  most  cases,  the  center  of  the  coating  (p  = 0)  is  expected  to  fracture 
first,  and  the  stresses  are  given  by  the  simple  result  (4. 19). 


Consider  the  following  application^  as  an  example.  The  45-laver  MgO/MgF^ 
coating  designed / for  use  at  250 nm  has  a theoretical  surface-temperature 
p5 

increase  of 

T (0,0)  = 47  K 
P 


for  a single  pulse  with  I tp  > lOJ/cm  and 
strate.  For  h = 0. 1 W/crn^/K,  (2.6)  and 


^ = 10  ^ s and  a molybdenum  sub- 
(2. 10)  give 


<T(0,z)>x  = Tsc  = 50  K (4.28) 

S 

for  the  average  substrate  temperature  in  repeated-pulse  operation.  Thus,  the 
temperature  of  the  center  of  the  coating  surface  (o  = z = 0)  in  repeated-pulse 
operation  is 

TQ  = T(0 , 0)  = 97  K (4.29) 

at  the  end  of  a pulse. 
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For  tin-  first  case  of  ;i  single  pulse,  file  stresses  ;it  the  center  of  the  coating 
in  an  MgO  layer  near  the  surface  are,  from  (4.  19)  with  v.  = v c = 0.3, 

1 O 

KMgO  = 3<1*  1 X 11)6  P8i  * « Mg0  = 10* 5 X 10"6  K"  1 ’ T ( 0 • 0 ) = Tp(° . 0)  = 47  K , 
< = 0 (negligible  substrate  heating  for  a single  pulse  since 

according  to  (2.5))  , 


app  % 


- 2.55  x 10 


psi 


(4.29) 


The  negative  sign  denotes  compression.  Physically,  the  unheated  substrate,  which 
does  not  expand,  constrains  the  coating,  thus  causing  compressive  stresses. 

Since  the  tensile  strength  of  MgO  is  o^.  — 2 x 10  psi  and  compressive  strength 
of  a brittle  material  typically  is  approximately  eight  times  greater  than  the  tensile 
strength,  the  MgO  layers  are  not  expected  to  fail. 

For  repeated-pulse  operation,  with  T(0,0)  = 97K  from  (4.29),  (T  > =50K 

U 

from  (2.6)  and  (2.10),  and  ctg  = 5 x 10  for  molybdenum,  (2.8)  gives 

<<T>R>is/<T>Xs  = °-432  ’ 
and  the  value  of  B^g  defined  under  (4. 19)  is 
Bqs  = 0.801  . 

With  these  results,  (4. 19)  gives 

°pp  = % = '4*22  x 1q4  Psi  • (4-30> 

The  surface  temperature  97  K is  approximately  twice  as  great  as  single-pulse 
value  of  47  K , but  the  magnitude  of  stresses  is  not  twice  as  great.  The  reason 
is  that  the  additional  temperature  of  50  K extends  across  the  substrate,  and  the 
expansion  of  the  substrate  makes  the  relative  expansions  of  the  coating  and 


177 


Sec.  C-IV 


substrate  less  than  that  of  the  single  pulse,  for  which  the  substrate  is  not 
neutral. 


Next  consider  the  stresses  at  p = R.  From  (2.8)  and  (2.9),  for  a single 


pulse 


T(R,0)/<Tq>r  = 0.  135/0.432  = 0.313  , 
< t0>r  = 0.432  (47)  = 20. 3 K , 


and 


<<T)r>  =0  . 


and  (4.22)  and  (4.23)  give 


a = - 1. 51  x 10  psi  , 
ppia  F 


= -1.22  x 10^  psi  . 
00  ia  F 


(4.31) 

(4.32) 


The  stresses  at  p = R are  smaller  in  magnitude  than  those  at  the  center,  and  all 
four  stresses  are  compressive,  thus  illustrating  the  fact  that  coatings  tend  to  fail 
at  the  center  (p  = 0) . 

For  the  repeated-pulse  case,  we  have 

T (R,  0)/<Tq)r  = 0.313  , 


<Tq)r  = 0.432  (97)  = 41. 9 , 


and 


<<T>R>£  = 0.432  (50)  = 21.6  , 

s 


h 


and  (4.22)  and  (4.23)  give 
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V.  THERMAL  EXPANSION 


The  expansion  of  a reflector  along  the  z axis,  in  particular  the  change  in 

this  z - axis  expansion  as  a function  of  p , gives  rise  to  optical  distortion  that 

can  become  greater  than  the  tolerable  limit  of  a practical  system.  The  angular 
3 

bending  of  a ray  is  ‘ 

9 - -"opd/dp 


where  the  optical-path  difference  is' 


SL 


opd 


2Aj l 


where  A£  is  the  thickness  change  of  the  reflector.  It  is  assumed  that  the  rear 
surface  (z  = of  the  reflector  remains  in  a plane  so  that  all  the  thick- 

ness change  A l appears  at  the  front  surface  of  the  reflector.  The  reflector  is 
operated  in  air;  thus,  n - 1 is  negligible. 

In  addition  to  the  usual  expansion 

A H = Sd  z a T 

for  the  stress-free  case,  stresses  generally  give  rise  to  additional  expansion 

(which  can  be  either  positive  or  negative  in  general).  A simple  example  is  a 

3 

cube  of  material  having  volume  L that  has  its  temperature  increased  by  T. 
For  unconstrained  expansion,  the  change  in  the  length  of  an  edge  is  aTL.  If 
the  cube  is  not  allowed  to  expand  in  the  x direction,  the  expansions  along  the 
y and  z axes  are  a(l+t/)TL.  The  extra  factor  of  v TL  can  be  understood  by 
considering  the  compression  of  the  unconstrained  cube  along  the  x axis  by  a 
distance  aTL,  which  increases  the  lengths  along  y and  z by  vaTL  according 
to  the  definition  of  the  Poisson  ratio  v. 
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An  important  point  to  be  made  concerning  the  expansion  of  thin  reflectors 
is  that  the  detached  stresses  tend  to  cause  greater  thickness  changes  than  do  the 
attachment  stresses.  For  an  uncoated  metallic  reflector,  the  thickness  change 
from  the  attachment  stresses  is  zero.  For  a thin  (£p«  Xg)  multilayer  dielec- 
tric coating  on  a thin  substrate  (Xg«  Dg),  the  attachment  stresses  in  the 
substrate  can  be  eliminated  from  the  expression  for  the  thickness  change , and 
the  contributions  from  the  layers  i of  the  coating  are  proportional  to  (v./E.  - v>„/Ec), 
which  is  small  for  similar  materials  (v./E.  i/„/Ec).  Neglecting  the  attachment- 

11  b O 

stress  contribution  to  the  thickness  change  A X greatly  simplifies  the  calculation 
and  affords  an  approximation  that  is  often  adequate. 

Unfortunately,  there  are  cases  in  which  the  errors  in  AX  resulting  from 
neglecting  the  attachment  stress  can  be  non-negligible,  an  error  in  AX  of  approx- 
imately thirty  percent  being  possible.  For  a temperature  distribution  that  is  not 
peaked  in  the  coating,  the  errors  are  small  since  most  of  AX  arises  in  the  sub- 
strate, for  which  the  error  is  zero.  For  a thermally  thin  coating  (Xp^  X^  in 
Fig.  1 ) the  errors  are  small  for  the  same  reason.  The  greatest  errors  are 
likely  to  occur  in  a thermally  thick  coating  (Xt]i  < Xp)  with  Tgc  « T in 
(2.2)  and  dissimilar  materials  (great  magnitudes  of  v./E.  - yc/E„). 

11  O b 

The  stress  in  the  detached  reflector  contributes 


AX  , = 


-■/ 


Xp  + Xg 


to  the  expansion,  where  ( ^ is  the  strain  component  for  expansion  along  z,  and 
d denotes  the  detached  system.  From  Hooke's  law,  with  azz  = 0 for  the  thin 


reflector, 


-vR  <0^+  crMd)  + aT. 
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bJ 


From  (4. 1)  and  (4.2)  the  sum  of  the  detached  stress 


components  is 


CTppid  + °00id  ’aiEiT 


(5.3) 


where  i = 1,  2.  or  S,  and  a constant  a E.  <T>r  was  dropped  since  it  does  not 
contribute  to  optical  distortion,  being  independent  of  p.  From  (5.  1)  to  (5.  3) 


I 


dza(l+  i>)T 


(l+vF'>  aF*F  (T\  + cvs(l+  yg)  is  (t 


where 


o • 
ZS 


(5.4) 


(I  + l/F)aFs  f xj»I(l+^1)+  £2a2(1+u2)  Si2)  • 

The  attachment  contribution  to  Ai  is  given  by 

*F+*S 

0 


(5.5) 


At  = 
a 


/ 


dz  v E_1  (ct  + ct  ) 
v ppa  u00a; 


which  follows  from  (5.2)  with  d replaced  by  a and  T by  zero.  The  am, 
condition  is 


(5.6) 


ichment 


/ 


£F+£S 


dz 


,£F+XS 


Vi  = J dz  V = 0 - 

0 


(5.7) 


from  which  it  follows 


/ 


dziz„Ec^(o'  + <7  ) = (i 

S S v ppa  <00a;  1 * 


(5.  S) 


1S2 


J 
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Subs tr acting  (5.8)  from  (5.6)  gives  the  general  result 
.d 

1 ^ / rr'1 

- Vg-g  > 'uppa  ' '•'00a 


At  = - 
a 


y dz(^R  - ) ^CTnnn + CTrfirta  ^ * 


(5.9) 


The  integral  vanishes  on  the  interval  z ^p  + s‘ncc  FE  - Wgl'-g 

ySES  " l/SES  = °* 

From  (4. 14)  and  (4. 15),  the  p dependent  terms  are 

E.  ( r <T>, 


CTppia  + a00ia 


-OLc 


<<T)d  ) 


R 'I, 


(.+,s)«t>p>^  • <i-s> 


p <s 


Subtracting  the  value  of  (5. 10)  at  p = R from  the  value  at  p = 0 gives 

^CTppia  + °00ia\)  ^appia  + ^ia^R 

E.  , 

= - ~y^-  jo^  [ (1+  Vj)T (0 , z)  - 2 <T>r+  (1  - Vj)  T (R,  z)] 
- PS  | 0 + PS>  <T0>,  - 2 < <T>R  >,  + (1  - PS)  <T(R».  I } • 


(5. 10) 


(5.11) 


From  (5.9)  and  (5.  11) 


Ala0  ‘ A£aR  j l,+l 


2 / fcE.  \ v.l. 

i S 1 


1 ' *2  i = 1 

x {a,  f (l  + l^)  <T0)^  - 2 < <T)r  >,f  + (1  - Vl)  <Tr)Xf  ] 

- as  [ (!+  Vs)  <T0)i  - 2 «T>r  ) + (1  - Eg)  <TR>«  1 J ’ 


(5.12) 
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and  from  (5. 4) 


lv  2 


dO 


A'dR  = 1-T77  .2  <1  + < <V*p  ' <tr  V 


+ ac  (1+Fg)  £g  ( <Tq>£  - (Tr)(  ) . 


R ic 


(5. 13) 


These  expressions  (5. 12)  and  (5. 13)  arc  the  general  results  for  the  difference 
between  the  center  and  rim  values  of  the  thickness  change. 

For  vl  = v2  = us  = 0.3,  1 - vs  E./p.  Eg  = 0. 5,  - a2~  n3  ' 

(T).  « (T)  , and  equal  contributions  of  the  F and  S terms  to  (5. 13),  the 

attachment  term  (5. 12)  is  five  percent  of  the  detached  term  (5.  13).  For  the 

single-pulse  expansion  of  the  MgO/MgF2  : Mo  reflector,  the  attachment  term  is 

3.7  percent  of  the  detached  term,  according  to  (5.  12)  and  (5. 13).  For  (T)  of 

£S 

the  order  of  (T).  , as  for  the  case  of  T independent  of  z for  example,  the 

*F 

attachment  term  is  negligible,  being  of  the  order  £p  /£g  . 
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useful.  tiikrmal-stkkss  results 


S 9 

l'lic  books  by  Holey  and  Weiner  and  by  Joluis  on  the  theory  of  thermal  stress 
are  useful.  Most  of  the  results  below  are  from  Boley  and  Weiner.  First  consider 
some  general  results  for  rectilinear  coordinate  systems.  The  linear  thermo- 
electric stress-strain  relations  are 


<?..  = \6..e  + 2ue..  - (3A  + 2y)  6..aT 

ij  ij  ^ ij  M ij 


(A.  1) 


where  6.^  is  the  Kronecker  delta,  the  dilatation  is 


« = E 


(A.  2) 


Lame's  constants  are 


(1+  l/)(l  - 2v)  ’ 
H = E/2(l+i/)  , 


(A.  3) 


(A.  4) 


3A  + 2[i  = E/(l  - 2v)  = 3R  , 


(A.  5) 


A + 2|i  = , 

(1  + y)(l  - 2v) 


(A.  6) 


A + )J  = 


2(1+  i/)(l  - 2v) 


(A.  7) 


A _ y 

A + 2 n 1 - v 


(A.  8) 


3A  + 2y  _ 1+ 

A + 2\x  1 - V 


(A.  9) 


I 
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Young's  modulus  is 

F = (3X  +2fj)n 
X + n 


The  Poisson  ratio  is 


2 (X  + u)  * (A- 

The  bulk  modulus  is 

k = E/3  (1  - 2u)  , (A.: 

and  the  shear  modulus  is 

G = E/2  (l+i/)  . (A<  j 

The  strain-displacement  relations  are  as  follows:  In  Cartesian  coordinates. 


'I 

f = 

?ux 

— 

Bv 

y 

_ Bw 

XX 

*x  ’ 

yy 

By  ’ 

zz  az 

1 

e = 
xy 

V 

X 

*< 

II 

1 

2 

(Su  + 
\ By 

Bv  \ 
Bx  /’ 

Cyz  2 ^yz 

> 

c = 
zx 

1 

2 ^zx 

1 

2 

/Bw  + 
\ Bx 

Bu\ 

Bz  ) ’ 

Bz  By 


where  u,  v,  and  w are  the  components  of  the  displacement  vector  in  the  x,  y, 
and  z directions , respectively. 


In  circular-cylindrical  coordinates, 
3u 


f = — - 

oo  a p 


( = 

zz  Bz  ’ 


U 1 SVCA 

e, , = — + - 

M o p 
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= ±(±  - 
2 \ P p 


3 u dv , v . \ 

£ + 

p 0 dp  p /’ 


J_  J)w  \ 

P 30/  ’ 


= -1 

2 \ dz  ip  / 


(A.  15) 


where  u,  v,  and  w represent  here  the  components  of  the  displacement  vector 
in  the  p,  0,  and  z directions,  respectively. 


In  spherical  coordinates 


du  u . dv0 

r = - = _r  + 1 f 

"rr  dr  ’ 66  r r is0  ’ e00 


u v . , . 

r , _Q_  . 0 , 1 d w 

— + cot  6 H : — x t—  , 

r r r sin  0 30 


■ ±U- r + j.  / 1 ^r  , aw  _ w\ 

2 \ r S0  dr  r /’  er0  2 \r  sin  6 50  dr  r / 

1 / 1 5w  _ cot  6 1 .^6  \ 

2 \ r d 0 r w r sin  030/ 


(A.  16) 


where  u,  v,  and  w represent  here  the  components  of  the  displacement  vector 
in  the  r,  0,  and  0 directions,  respectively. 


In  circular  cylindrical  coordinates, 


fzz  ■ • ru«pp  + V + frp  “T 


(A.  17) 


e = - "ET  ( CT  „ + + a T , 

zz  E DO  00 


(A.  18) 


^ + EaT  * 

,2  L0M  (1  -l/)(l  - 21/ ) 


(A.  19) 


+ Ea’i 


(1  -«/)(!  - 2l/)  ' 


(A. 20) 
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and  for  e = e . , , 

pp  00 


Ee 


ct  = a 
OP  00 


_0P 


+ EaT 


1 - P ( 1 - p)( 1 - 2p) 

For  the  case  of  plane  stress : 


(A. 21) 


a = 0 , 

zz 


( = aT  , 

zz 


= e = e = e = aT  , 
DO  00  xx  vv 


(A. 22) 


fO0 

= e = r 

PZ  0 Z 

= t = 

xy 

and  for  the  case  of  plane  strain: 

€ 

= 0 , 

a 

ZZ 

zz 

e 

= = e = 

e = 

OP 

00  XX 

yy 

e . 

= e = p = 

: e = 

P 0 

Dz  0 z 

xy 

For 

a thin  plate  (thickness  4 

the  shortest  dimension  in  the  x-y 

temperature  a function  of 

z only, 

CT 

II 

Q 

II 

Q 

II 

a = 

PP 

00  XX 

yy 

a 

= o = a = 

a = 

zz 

0 z pz 

0 P 

where  z' 

III 

N 

I 

M- 

e =0 


(A.  23) 


aE 


T+  <T>,  + ~ (Tz'  )„ 


r = a 
xy  yz 


a =0 

zx 


(A.  24) 
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= x r 

- 2 J 0 


dzT 


(Tz’).  - 


ri: 


dz  (z  --1)  T 


2fi  / dz'z’T 


The  strain  components  and  displacement  components  are 


£pp“  £«  * £yy  =“(<T>«+J¥<TzT)  • 


£zz  = ■frV  (<T>i  + <TZ'>i)  ■ 


(A.  25) 


(A. 26) 


(A.  27) 


fp0  epz  f0z  fxy  fyz  *zx  ^ ’ 


\ = “x  (<T>(  + TT  <Tz'>.i)  • 


vy  = (<T><+  ^ <Tz'>x)  • 


“p  = “°(<T>i  + -*7 T<r*'\)  ■ 


- 6ap2  t~2  (Tz)  + a(  1 -i/)'1  (l  + i/)z’  <T>  , - 2i/z’(tK 

^ Z X 


(A.  28) 


wh  ere 


* 

(T)  , * / dz'T 

Z Jo 
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It  was  shown  in  Sec.  Ill  that  the  stress -component  form  containing  <Tz' 
in  (A. 24)  is  related  to  torques  on  the  plate  and  to  bowing  of  the  plate.  In  par- 
ticular, if  the  bowing  is  prevented,  the  (Tz'/^  term  in  (A. 24)  is  absent,  and 
the  torque  resulting  from  the  attachment  stress  is  zero. 

For  a rectangular  beam  of  depth  l = 2 h ( z axis ) , width  b(  y axis  ) , and 
length  L (xaxis),  with  b « L and  2h«L,  and  temperature  varying  along 
z only,  the  plane-stress  conditions  apply  (since  the  beam  is  thick)  . The  stress 
components  are,  with  all  coordinates  (x,y,z)  measured  from  the  center  of  the 
beam, 

%x  - “E  (-T  + <T>/  + <Tz">t)  • 

a = o =ct  = o =0.  (A.  24) 

yy  zz  xy  zy 

The  strain  components  are 

‘xx  * “ (<T>i  + 7T  <Tz,>x>  ' 

<Z2  = (<T>J  + <Tz->i  > + -4“  “T  • <A-3"> 


The  displacement  components  are  (aside  from  rigid-lx>dy  motions) 
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]'or  a thin  circular  disc  with  thickness  l much  less  than  radius  R,  with  no 
surface  traction  and  with  the  temperature  a function  of  p only,  the  plane-stress 
conditions  apply  (since  i « R) . The  nonzero  stress  components  are 


°pp  =T  aE  < <T>p  - <T>->  • 


R w,pJ 


% = TaE(  <t>r  + <t>d  - 2T)  , 


(A.  32) 


dppT 


(A.  33) 


- _2  rc 

" P2J  0 


dppT 


The  radial  displacement  is 


u0  = ~2  ap  f(I  ' v)  (T)p  + <1  -v)  <T)r  J 


For  p - 0 , if  there  is  no  heat  source  at  p = 0 , 


(A.  34) 


(A.  35) 


Him  <T>  = 
p-  0 0 


(A.  36) 


iim  a = £im  a 
p - 0 pp  p - 0 ^ 


jaE  [ T (0)  - (T)r] 


(A.  37) 
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n.  i ailuki-  thresholds  of  near-ij  lira  violet 

IRA  NS  PA  R E NT  MATE  R I A US 


C.  J.  Duthlcr 

Xonics,  Incorporated,  Santa  Monica,  California  90401 


(1)  Various  failure  mechanisms  have  been  studied  for  repetitively  pulsed  and 
for  singly  pulsed  lasers  operating  in  the  near-ultraviolet  spectral  region.  The 


2 2 

following  failure  thresholds,  in  J/cm  /pulse  (or  MW/cm  during  the  pulse),  arc 


calculated  for  one-centimeter-thick  windows  for  use  at  350  nm  wavelength,  1 lisec 

,3 


pulse  duration,  10'  Hz  repetition  rate,  60  sec  operating  time,  and  allowed  optical 
distortion  X/40  in  the  optical  path  difference  (values  in  parentheses  are  for 
single -pulse  operation ): 


i 

Thermal  optical  distortion,  two-photon 

2.4  x 10'2 

(2.9)" 

-4  -1 

Thermal  optical  distortion,  extrinsic  /3  = 10  cm 

3.3 x 10'2 

(2  x 10'V 

* 

Fracture,  two-photon 

0.22 

(14) 

> 

Fracture,  inclusion  or  clusters 

2 to  d00 

(same) 

Free-carrier  optical  distortion,  two-photon 

2.2 

(same) 

• 

-4  -1 

Fracture,  extrinsic  # = 10  cm 

3. 3 

(2  x 105 ) 

Thermal  optical  distortion,  three-photon 

28 

(440)" 

• ' 

Fracture,  three-photon 

89 

(1. 4 x 103  ) 

-4  -1 

Free-carrier  optical  distortion,  extrinsic  /3  = 10  cm 

140 

(same) 

Free-carrier  optical  distortion,  three-photon 

1.  8 xlO3 

(same) 

Nonlinear  refractive  index  optical  distortion 

CO 

o 

X 

CO 

(same) 

In  view  of  the  approximations  made  in  the  calculations,  failure  thresholds  for  250 nm 
wavelength  operation  are  expected  to  be  essentially  the  same  as  those  listed  above. 
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The  major  difference  between  the  two  wavelength  regions  is  that  many  materials 
that  are  limited  by  three-photon  absorption  at  350 nm  become  two-photon  absorbing 

at  250 nm.  (2)  It  is  conceivable  that  an  adaptive  optical  system  |with  a typical 

-4  -3 

time  constant  of  10  sec  for  low-power  reflectors  extrapolated  to  10  sec  for 

high-power  (greater  mass)  reflectors  ] could  be  used  in  the  repetitive  pulse  to 

attain  the  single-pulse  optical  distortion  values,  as  marked  * above.  In  this  case, 

by  using  materials  out  of  the  two-photon  region,  the  overall  (lowest)  thresholds 

2 2 
are  ~2  to  ~500  J/cm  /pulse  for  inclusion  or  cluster  damage,  and  3.  3 J/cm  /pulse 

for  thermal  fracture  from  extrinsic  absorption.  The  limiting  threshold  without 

-2  2 

adaptive  optics  is  much  lower,  3.3  x 10  J/cm  /pulse,  for  thermal  optical  distor- 
tion from  extrinsic  absorption  (even  assuming  that  the  absorption  coefficient  can 
-4  -1 

be  reduced  to  10  cm  ).  (3)  For  the  repetitively  pulsed  system,  at  a fixed 

repetition  rate,  the  thermal-distortion  and  thermal-fracture  pulse-intensity 

thresholds  increase  with  decreasing  pulse  durations  as  t * for  extrinsic  absorption 
-1/2 

and  as  t for  two-photon  and  three-photon  absorption.  The  average- intensity 

threshold  is  independent  of  the  pulse  duration  for  extrinsic  absorption  and  varies 
1/2 

as  t for  two-photon  and  three-photon  absorption.  At  a fixed  pulse  duration, 
the  pulse- intensity  thresholds  for  thermal  distortion  and  thermal  fracture  increase 
with  decreasing  numbers  of  pulses  (product  of  repetition  rate  and  total  operating 
time)  as  q 1 for  extrinsic  absorption,  q 1//2  for  two-photon  absorption,  and  q*1^4 
for  three-photon  absorption.  If  the  repetition  rate  is  constant  and  the  operating 
period  is  changed,  the  dependence  of  the  average  intensity  on  the  number  of  pulses 
is  the  same  as  the  above  dependence  of  the  pulse-intensity  on  the  number  of  pulses. 
If  the  operating  period  is  constant  and  the  repetition  rate  is  changed,  the  average 
intensity  varies  with  the  number  of  pulses  as  independent  of  q for  extrinsic 
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absorption,  q 7 for  two-photon  absorption,  and  Cj  74  for  three-photon  absorption. 

(4)  For  single-pulse  operation,  the  nonlinear  index  threshold  is  independent  of 

the  pulse  duration  and  becomes  relatively  more  important  with  shorter  durations. 

The  other  thresholds  increase  with  decreasing  pulse  durations,  with  free-carrier 

optical  distortion  having  the  dependences  t ^ for  extrinsic  absorption,  t for 

-1/3 

two-photon  absorption,  and  t for  three-photon  absorption.  The  thermal  dis- 
tortion and  thermal  fracture  thresholds  are  proportional  to  t"1  for  extrinsic 

-2/3  -k 

absorption,  t for  two-photon  absorption  at  pulse  durations  less  than  10  sec, 

-1/2  o 

t for  two-photon  absorption  at  pulse  durations  greater  than  10  sec,  and 

t for  three-photon  absorption.  The  inclusion  threshold  is  proportional  to  t ' . 

(5)  In  a comparison  of  our  previous  theoretical  estimates  of  the  two-photon  absorp- 
tion coefficient  with  eight  experimental  values,  the  absorption  coefficient  in  alkali 
iodides  and  alkali  bromides  is  typically  underestimated  by  a factor  of  two.  This 
agreement  is  better  than  that  previously  predicted  for  the  crude  estimate.  The 
absorption  coefficient  for  ZnO  is  overestimated  by  a factor  of  20,  which  is  the 
greatest  disagreement.  (6)  Reasonable  materials  that  do  not  suffer  two-photon 
absorption  for  use  at  350 nm  are  LiF,  MgF2  , CaF2  , BeO , NaF  , SrF'2  , Hah’.,  , 
A1203,  Si02  (fused  and  crystalline),  and  MgO.  Of  these  materials,  LiF,  MgF2  , 
and  perhaps  CaF2  and  BeO,  do  not  suffer  two-photon  absorption  at  250nm.  Tech- 
nical considerations,  such  as  the  positions  of  F-bands  and  other  factors  that  limit 
the  achievable  extrinsic  absorption  coefficients,  are  more  important  than  are 
figures  of  merit  in  choosing  candidate  materials.  Sapphire  is  noteworthy  because 
the  fracture  temperature  is  estimated  to  be  a factor  of  10  greater  than  that  for 
other  materials.  Alkaline-earth  fluorides  tend  to  lx?  less  susceptable  to  thermal 
distortion  than  other  materials. 
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I.  INTRODUCTION 


Recently,  interest  has  focused  on  high-power  lasers  operating  in  the  near- 
ultraviolet spectral  region,  particularly  near  350  nm  wavelength.  Although  the 
laser  system  has  not  yet  been  selected,  xenon  fluoride  is  a prime  candidate.  Some 
desired  properties  of  the  laser  system  are: 


• wavelength:  A = 350nm  (flou  = 3.5  eV). 

• laser  pulse  duration:  1 ysec  . 

• repetition  rate:  100  Hz  (100  pps)  to  1000  Hz  (1000  pps). 

• total  operating  time:  60  sec. 

2 

• energy  density:  . t = 10  J/cm  -pulse. 

7 2 

• irradiance  (during  pulse) : I =10  W/cm  . 

3 2 

• irradiance  (averaged  over  60  sec) : Igv  = 10  W/cm  . 

• pressure:  two  atmospheres  nominal;  four  atmospheres  during  pulse. 

• pulse  shape:  rectangular  with  no  spikes. 

• optical  tolerance:  1/40  wavelength  per  element. 


In  this  report,  the  irradiance  thresholds  of  various  failure  modes  of  transparent 
optical  elements  are  examined  for  a repetitively  pulsed  laser  operating  in  the  near- 
ultraviolet spectral  region.  The  wavelength  of  350  nm  is  used  for  calculation 
purposes  throughout  this  report.  In  view  of  the  approximations  required  in  the 
calculations,  thresholds  for  250 nm  operation  are  expected  to  be  essentially  the 
same  as  those  calculated  for  350 nm.  The  major  difference  between  materials  for 
these  wavelengths  is  that  some  materials  that  are  limited  by  three-photon  absorp- 
tion at  350nm  suffer  two-photon  absorption  at  250  nm. 
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Transparent  materials  used  as  laser  windows  must  survive  each  individual  pulse 
and  overall  heating  from  repeated  pulses.  Important  failure  mechanisms  during  a 
single  pulse  are  localized  fracture  from  absorbing  inclusions,  optical  distortion  from 
mobile  electrons  liberated  by  the  absorbed  radiation,  thermal  distortion,  and  ther- 
mal fracture.  With  repeated  pulses  the  thermally-induced  effects  become  relatively 
more  important  since  cooling  during  the  operating  period  is  generally  not  effective 
and  heating  by  individual  pulses  integrates. 

The  two  mechanisms  of  free-carrier  optical  distortion  and  thermal  distortion  are 
not  completely  independent.  Free-carrier  optical  distortion  results  from  radiation 
scattering  by  mobile  conduction-band  electrons  and  valence-band  holes  that  were 
created  by  the  absorption.  These  excited  electrons  contribute  to  the  heating  both  by 
contributing  directly  to  die  absorption  and  by  converting  their  excitation  energy  into 
heat. 

Another  mechanism,  that  initially  appears  to  be  independent  of  absorption,  is 
optical  distortion  from  the  nonlinear  refractive  index.  However,  this  mechanism  is 
intimately  related  to  two-phc-ton  absorption  with  the  nonlinear  refractive  index  being 
associated  with  the  real  part  of  the  third-order  susceptibility  and  with  two-photon 
absorption  being  associated  with  the  imaginary  part.  It  has  been  shown  that  a res- 
onance enhancement  of  the  nonlinear  index  may  occur  at  frequencies  near  one-half 
the  tend  gap,  but  outside  the  two-photon  absorption  region.  1 

There  are  other  nonlinear  mechanisms  for  optical  distortion  that  are  not  con- 
sidered explicitly  in  this  report  since,  with  the  long  pulse  durations  of  current 
interest,  they  occur  at  greater  intensities  than  those  given  above.  One  such  mech- 
anism is  enhanced,  stimulated  Raman  scattering  which  results  in  optical  distortion 
since  the  radiation  frequency  is  shifted,  and  heating  because  it  is  an  inelastic 
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process.  Other  unusual  types  of  "optical  distortion"  are  frequency  doubling  or 
frequency  tripling,  where  allowed  by  symmetry  and  index  matching. 

Several  candidate  materials  are  listed  in  Table  I along  with  their  optical 
absorption  edge.  This  list  is  not  exhaustive,  and  some  listed  materials  may  not 
be  viable  candidates  except  in  thin -film  applications.  Three-photon  absorption  of 
350  nm  wavelength  radiation  will  not  occur  if  the  absorption  edge  is  less  than  117nm 
(greater  than  10.6  eV).  Materials  satisfying  this  condition  are  LiF  and  MgF^  . 
Materials  having  an  absorption  edge  greater  than  7.  1 eV,  so  that  two-photon  absorp- 
tion does  not  occur,  but  less  than  10.6  eV,  so  that  three-photon  absorption  does 
occur,  include  NaF  , CaF2  , SrF'2  , A1203  , SiC>2  , BeO  and  perhaps  MgO. 

For  250 nm  wavelength  operation,  materials  having  an  absorption  edge  greater 
than  9.9  eV  are  required  to  avoid  two-photon  absorption.  Such  materials  are  LiF, 
MgF2  , and  perhaps  CaIT2  and  BeO.  The  glass  BeF9  is  under  consideration  as  a 
window  material.  Its  absorption  edge  is  at  small  wavelength.  (A  value  of  83 nm 
appearing  in  unpublished  works  surely  is  incorrect;  compare  105  nm  for  LiF.) 
However,  BeF2  is  hygroscopic,  and  difficulties  have  been  encountered  in  manufac- 
turing good  glass.  Solutions  to  the  manufacturing  problems  and  protective  coating 
problems  should  render  Bel'2  glass  a good  window-material  candidate. 

Besides  having  large  absorption  edges,  fluoride  materials  may  have  desirable 
chemical  properties  for  use  with  lasers,  such  as  XcF,  that  contain  fluorine. 

Oxides  tend  to  have  good  mechanical  properties,  but  may  suffer  excessive  absorp- 
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Table  I.  Candidate  transparent  materials  for  use 
with  a 350  nm  wavelength  laser. 


Material 

E (eV) 
a 

Material 

Ra(eV) 

Material 

Ea(eV) 

••  LiF 

11.8 

KF 

9.0 

NaQA£  F, 
.3  0 

••  MgF2 

11.0 

UCSL 

7.4 

ThF. 

4 

4.96 

* CaF2 

10.0 

NaCX 

6.8 

Sl2°3 

• Be  0 

10 

KCA 

6.9 

ThG2 

5.8 

• NaF 

9.7 

PbP2 

6.7 

Zr02 

4.6 

• SrF2 

9.6 

A*F3 

Hf02 

5.2 

• Ba  P’2 

9.1 

CeF^ 

Y2°3 

~ 6 

• A12°3 

8.8 

• LaF.j 

9.2 

••  Be  F2 
glass 

14.  9 

• SiCX, 

8.4 

BN 

6.2 

• Si02  (fused) 

7.8 

Si3N4 

• MgO 

7.1 

k 


I 

i 

1 


reasonable  material  with  no  3-photon  absorption  at  350 nm 
reasonable  material  with  no  2 -photon  absorption  at  350  nm 
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II.  ABSORPTION  COEFFICIENTS 

In  the  near -ultraviolet  and  vacuum -ultraviolet  spectral  regions,  the  optical  trans- 
mission of  transparent  materials  is  limited  by  either  intrinsic  or  extrinsic  electronic 
transitions.  Two-photon  absorption  is  the  dominant  intrinsic  absorption  mechanism 
in  materials  having  an  absorption-edge  energy  greater  than  the  photon  energy,  but 
less  than  twice  the  photon  energy.  Three  or  more  photons  are  required  for  band-to- 
band  transitions  in  materials  having  an  absorption-edge  energy  two  or  more  times 
greater  than  the  photon  energy.  Extrinsic  absorption  is  expected  to  be  dominant  at 
low  intensities  in  materials  whose  intrinsic  absorption  is  limited  by  multiphoton  ab- 
sorption. 

1.  Extrinsic  Absorption. 

Currently,  many  uv  transparent  materials  have  absorption  coefficients  in  the 
range  from  10  'em  ^ to  10cm  '.  These  large  absorption  coefficients  are  thought  to 
arise  from  donor  levels  in  the  band  gap  with  the  absorption  of  a photon  exciting  the 
electron  to  the  conduction  band.  Other  possibilities  are  transitions  between  donor 
levels  in  the  gap  or  transitions  from  the  valence  band  to  acceptor  levels.  It  may  be 
expected  that  materials  improvement  programs  will  result  in  much  lower  extrinsic 

absorption  coefficients,  perhaps  to  the  current  state-of-the-art  level  of  approximately 

-4  - 1 

10  cm  that  is  being  achieved  with  infrared  materials. 

At  high  intensities  the  absorption  may  be  dominated  by  intrinsic  multiphoton  ab- 
sorption, since  the  multiphoton  absorption  increases  with  increasing  intensity.  Also 
at  high  intensities  or  with  long  irradiation  times,  the  donor  levels  may  become  de- 
pleted (or  the  acceptor  levels  filled).  The  extrinsic  absorption  coefficient  can  be 
written 
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^ = T N j cr. , (2.1) 

where  X . and  a.  an.'  the  concentration  anti  absorption  cross  section,  respectively, 
of  the  i1^1  absorbing  species.  Depletion  of  strongly  absorbing  species  will  be  most 
likely  because  of  both  the  larger  cross  section  and  smaller  number  for  a given  ab- 
sorption coefficient.  An  overall  absorption  coefficient  of  10  cm  requires  a con- 
i'’ -3 

centration  ol  10  cm  strongly  absorbing  impurities  having  a cross  section  of 
10  E cm*,  or  ld'^cm  ^ weakly  absorbing  impurities  with  a cross  section  of  10  ®cm 
Upon  depletion  of  the  donor  levels,  the  absorption  coefficient  will  either  increase  or 
decrease,  depending  on  the  relative  magnitudes  of  the  impurity  cross  section  and  the 
free-carrier  cross  section.  This  is  discussed  further  in  the  following  section. 

2.  Two-Photon  Absorption. 

There  have  been  no  measurements  of  multiphoton  absorption  coefficients  in 
ultraviolet -transmitting  materials.  Theoretical  estimates  are  difficult  to  make  for 
nearly  all  materials  because  of  incomplete  knowledge  in  most  materials  of  the  band 
structure,  oscillator  strengths,  importance  of  many-body  effects,  etc.  The  ori- 
gin of  the  linear  absorption  edge  in  a material  as  simple  as  LiF  is  still  being 
debated. 

Using  perturbation  theory,  the  two-photon  absorption  coefficient  for  transitions 
from  an  initial  state  denoted  by  i to  a final  state  denoted  by  f can  be  written 


4 IT  € 


1/2 


fi  c n 


EE6  <E) 


L i f 


E 


A . 

fin  hi 


Ef  - Eh 


ft  CO 


(2.2) 
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where  € is  the  dielectric  constant,  n ^ is  the  density  of  laser  photons,  cc  is  the  laser 

'"w 

frequency,  6(E)  is  an  energy-conserving  della  function  with  E = E ^ - E . - 2fi  tc, 
and  Xj..  are  transition  matrix  elements  between  the  subscripted  states.  The  transi- 
tion matrix  elements  are  summed  over  all  possible  intermediate  states  denoted  by  h. 


) 


It  is  expected  that  transitions  involving  one  particular  intermediate  state  will  be 
dominant.  For  simplicity,  the  three-level  band  structure  shown  in  Fig.  1 is  used. 

This  model  system,  which  may  apply  to  alkali  halides,  has  a filled  valence  band  de- 
noted by  v,  an  unfilled  conduction  band  denoted  by  c and  an  upper  unfilled  conduction 
band  denoted  by  c The  minimum  band  gap  occurs  at  the  zone  center  and  has  a mag- 
nitude greater  than  the  photon  energy.  An  energy  difference  between  the  conduction 
and  valence  bands  equal  to  twice  the  photon  energy  occurs  at  a nonzero  k value.  In 
the  terminology  of  perturbation  theory,  virtual  transitions  take  place  between  the 
valence  band  on  the  upper  conduction  band,  and  between  the  upper  conduction  band 
and  the  lower  conduction  band. 

Some  other  possibilities  for  the  intermediate  state  are  shown  in  Fig.  2,  where 
the  dashed  line  below  the  conduction  band  denotes  exciton  levels.  In  the  diagram 
labeled  1,  the  exciton  level  is  the  intermediate  state.  In  the  second  diagram,  an 
electron  from  a lower  valence  band  is  first  excited  to  the  conduction  band,  and  then 
the  hole  in  the  lower  conduction  band  is  filled  by  an  electron  from  the  upper  conduc- 
tion band.  In  the  third  diagram,  an  electron  is  first  excited  to  the  conduction  band, 
and  then  an  intraconduction  band  transition,  with  the  simultaneous  creation  of  a pho- 
non, takes  place.  Other  transitions  are  possible,  and  in  materials  with  large  band 
gaps,  the  exciton  level  may  be  the  final  state.  Present  theoretical  knowledge  is 
insufficient  to  predict  which  is  dominant. 
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Using  the  band  structure  in  Fig.  1,  the  band  energies  as  a function  of  k are 
assumed  to  be  parabolic  and  are  written: 


v 2 m av  ’ 


(2.3) 


*2.2 

T . _ , T\  K 

E - E + — s — a , 
Cj  g 2 m c j 


(2.4) 


and 


2 2 
-fl  i- 

E = E + a , 

c2  c2v  ^m  c2 


(2.5) 


2 2 2 

where  the  ot’s  are  the  inverse  effective  mass  ratios,  a = m/m*  = (m/fi  ) (d  E/dk  ). 

1/2, 


Using  n^=Ie  7 /cficoand 
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yields 
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(2.7) 


In  view  of  the  crudeness  of  the  model,  it  is  further  approximated  that  the  two  con- 
duction bands  have  the  same  mass  a = a -a  . The  inverse  effective  mass  of 

c 1 c2 

the  valence  bands  is  less  than  the  error  in  the  effective  masses  of  the  conduction 
bands,  and  hence,  is  taken  to  be  zero.  Approximating,  E ^ v = 2 E and  evalu- 
ating the  constants  in  Eq.  (2.7)  yields 
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f f 
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= (1.6  x 10  erg  sec  cm)  2 2 1 1 

"7372  ~ 7 3 

(a)  (fi  a.') 
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(2.8) 


We  wish  to  write  the  form 

= ( I/I  o ) (1cm'1), 


(2.9) 


where  I()  is  the  characteristic  intensity  at  which  ^ equals  1cm  The  expression 
for  I y obtained  from  Eq.  (2.8)  is  not  convenient.  Rather,  it  is  useful  to  have  an 
expression  in  which  explicit  dependence  of  Iq  on  each  of  the  parameters  is  clear.  To 
derive  such  an  expression,  Eq.  (2.  8)  was  evaluated  for  hoc  = 3.  54  cV,  E = 1.91iu;, 

o 

a.  - 1,  f =1,  and  f =1.  Each  of  these  parameters  was  then  varied  inde- 
c2  1 c2 

pendently,  and  the  dependence  of  I on  each  parameter  was  fit  to  a power  law: 


I0  =(0.174)  (f  fc2Cl)_1  (fiw/3.5eV)2-5(a)1*5  (y/0.1)H)'S  GW/cm2,  (2.10) 


where  7 is  a measure  of  the  distance  of  the  final  state  above  the  band  gap,  obtained 
from  E^  = (2  -y)hco.  It  was  noticed  from  graphical  plots  that  the  power-law  depen- 
dence was  a good  fit  to  I()  from  Eq.  (2.8),  even  when  the  parameters  were  varied  by 
a factor  of  ten  and  when  two  parameters  were  varied  at  the  same  time. 

Subject  to  all  the  limitations  of  the  model,  Eq.  (2.  10)  predicts  an  explicit  2.5- 
power  dependence  of  I()  on  the  frequency  a'.  That  is,  if  two  different  frequencies  and 
two  different  materials  arc  used  such  that  the  f-numbers,  effective  masses  and 
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densities  of  states  arc  constant,  the  ratio  of  the  I()'s  will  equal  the  ratio  of  the  fre- 
quencies raised  to  the  2.5  power.  With  large  frequency  changes,  such  as  going  from 
the  infrared  to  the  ultraviolet,  one  generally  expects  materials  suffering  two-photon 
absorption  in  the  ultraviolet  to  have  a larger  characteristic  intensity  1^  than  infrared 
materials. 

With  small  frequency  changes  in  a given  material,  implicit  frequency  dependences 
of  I()  in  the  density-of-states,  in  the  effective  masses,  and  in  the  f-numbers  are 
equally  as  important  as  the  explicit  2.5-power  dependence  on  frequency.  For  fre- 
quencies very  near  the  two-photon  absorption  edge,  the  density-of-states  term  y 
is  dominant,  neglecting  possible  rapid  changes  in  the  f-numbers.  Exciton  effects, 
which  have  been  neglected  in  the  above  analysis,  may  be  important  near  the  two- 
photon  absorption  edge,  depending  on  the  particular  crystal  under  study. 

In  tlie  following  sections,  Eq.  (2.  10)  is  used  as  an  order-of-magnitude  estimate 

for  I()  with  f-numbers  equal  to  unity,  the  effective  mass  equal  to  unity,  and  y = 0. 1. 

2 

The  resulting  174  MW /cm  characteristic  intensity  can  be  considerably  in  error  for 
materials  suffering  two-photon  absorption  at  1io,'=  3.5eV.  Each  of  the  f-numbers 
could  be  in  error  by  a factor  of  10.  Smaller  variations  are  expected  from  the  ef- 
fective mass  and  from  the  density  of  states  through  y.  Most  of  the  changes  antici- 
pated in  these  parameters  are  expected  to  yield  larger  values  for  I() , hence  less 
efficient  two-photon  absorption. 

Values  of  I()  from  Eq.  2.  10  are  compared  with  experimental  values'^  in 
Table  II.  In  the  experimental  references,  two-photon  absorption  spectra  were  ob- 
tained by  the  simultaneous  absorption  of  an  ultraviolet  photon  from  a broad-band  uv 
source  plus  a photon  from  a ruby  laser.  The  characteristic  intensity  values  are 
compared  at  a single  frequency  value  (at1io.'=  E,  ) on  a smooth  portion  of  the  expo- 
rimental  curve  above  the  Ixind  gap  (E  ) where  the  value  of  y was  approximately  0.05. 
The  experimental  I()  is  the  ruby  laser  intensity  divided  by  the  two-photon  absorption 
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Table  II.  Comparison  of  experimental  and  theoretical  values 
of  the  cliaractcristic  two-photon  absorption  intensity. 


Material 

Ref. 

E (eV) 
a 

E (eV) 
g 

e 

IQ(cxp) 

(MW/cm^) 

Iq  (Eq.  (2.10)) 
(MW/cm-) 

KI 

5,6 

6.5 

6.0 

0.  15 

130 

120 

Rbl 

7 

6.2 

6.1 

0.048 

94 

190 

KBr 

7 

7.6 

7.3 

0. 092 

94 

230 

RbBr 

7 

7.4 

7.2 

0. 057 

190 

260 

Csl 

8 

6.2 

6.0 

0.077 

47 

150 

CsBr 

8 

7.3 

7.2 

0.027 

94 

370 

ZnO 

9, 10 

3.45 

3.43 

0.011 

950 

50 

: 


208 


Sec.  O- 11 


coefficient  at  the  chosen  frequency  value.  Values  from  Eq.  (2.  10)  were  obtained  using 
values  lory  and1iu.’  = E /2  from  the  chosen  point  on  the  curve  along  with  the  assumed 
values  of  f = 1 and  a = 1.  The  values  for  alkali  halides  are  in  good  agreement  with 
the  value  for  I ^ from  Eq.  (2.  10),  being  approximately  a factor  of  two  greater  than  the 
experimental  values.  With  ZnO,  the  experimental  spectrum  is  complicated  by  nearby 
exciton  lines,  and  the  agreement  is  less  good,  with  the  experimental  I(^  value  being 
approximately  20  times  greater  than  the  theoretical  value.  This  less  efficient  two- 
photon  absorption  could  be  due  to  smaller  f-numbers  than  the  values  of  unity  used  in 
Eq.  (2.  10). 

In  each  alkali  halide,  the  frequency  dependence  of  the  two-photon  absorption  co- 
efficient was  in  good  qualitative  agreement  with  the  predicted  dependence  from  y in 
Eq.  (2.  10). 

3.  Three -Photon  Absorption. 

Three-photon  absorption  is  the  dominant,  intrinsic  absorption  mechanism  in  ma- 
terials having  an  absorption  edge  greater  than  twice  the  photon  energy  but  less  than 
three  times  the  photon  energy.  The  perturbation-theory  expression  for  the  three- 
photon  absorption  coefficient  is  similar  to  that  for  the  two-photon  absorption  coefficient 

4 

except  that  the  two-photon  Eq.(2.7)  is  multiplied  by  an  additional  factor 


3 7T  f . . e E . . I 

ij  LL 


me  ix  E ‘ 


(2.  11) 


where  f.  is  the  f-number  for  the  additional  intermediate  state  transition,  E.  is  the 
ij  hi 

energy  difference  between  intermediate  states,  and  is  an  additional  energy 

denominator.  This  factor  can  be  written  in  the  form 


F = I/IF  , 


(2.12) 
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KT 


where  Ip  = 8 x 10i4  W/cm2  for  f„  = 1,  fiu>  = 3.  5eV,  and  E.j/E2^n  = 1/13. 6eV. 

Combining  this  result  with  the  estimate  for  two-photon  absorption  yields  the  three- 
photon  absorption  coefficient 


^3 


(lcm  ), 


(2. 13) 


03 


where  Iy3  = 370  GW  /cm  . The  numerical  value  for  the  characteristic  intensity  1^^  is 
subject  to  the  same  uncertainties  as  the  characteristic  intensity  I()  for  two-photon  ab- 
sorption and  should  be  regarded  as  an  order-of-magnitude  estimate. 


With  four-photon  or  greater  absorption,  one  can  estimate  the  absorption  coefficient 
by  the  inclusion  of  additional  F -factors. 
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III.  FREE  CARRIER  CREATION  AND  RECOMBINATION 

Both  intrinsic  multiphoton  absorption  and  extrinsic  impurity  absorption  generally 
result  in  the  creation  of  mobile  carriers  such  as  electrons  in  the  conduction  band  and 
holes  in  the  valence  band.  With  intrinsic  band-to-band  absorption,  equal  numbers  of 
electrons  in  the  conduction  band  and  holes  in  the  valence  band  are  created.  If  the  final 
state  for  the  electron  is  an  exciton  state  rather  than  the  conduction  band,  the  electron 
and  hole  are  bound  together  and  will  not  respond  independently  to  an  applied  electric 
field.  In  this  case,  the  dc  conductivity  may  be  zero,  but  the  optical  susceptibility  of 
the  pair  will  be  nonzero  although  different  from  unbound  pairs.  With  donor  impurities, 
only  mobile  electrons  in  the  conduction  band  are  created.  Acceptor  impurities  yield 
mobile  holes  in  the  valence  band.  Transitions  between  two  bound  impurity  levels  do 
not  yield  free  carriers. 

Most  insulating,  transparent  solids  have  valence  bands  that  are  flat  compared  to 
the  conduction  bands.  Hence,  the  hole-effective  masses  are  greater  than  those  of 
the  electrons.  Consequently,  optical  effects  from  the  electrons  are  dominant  over 
those  from  the  holes  because  of  the  lesser  mobilities  of  the  holes  which  are  inversely 
proportional  to  the  effective  masses.  When  the  term  free  electron  is  used  in  the 
following  discussion  of  intrinsic  absorption,  it  is  understood  to  be  an  electron-hole 
pair.  (The  effective  mass  of  a conduction-band  electron  is  approximately  equal  to 
the  free-electron  mass,  and  the  effective  mass  of  the  valence-band  hole  is  approx- 
imately infinite.)  Witli  impurity  absorption,  the  effects  of  donor  impurities  that  yield 
electrons  are  dominant  over  acceptor  impurities  that  yield  holes. 


First  consider  the  creation  of  conduction-lxind  electrons  from  donor  impurities. 
The  rate-of-change  in  the  concentration  Nj.  of  free  electrons  is  given  by 


I 


Sec.  D-III 


dNF  = >3 1 NF 
dt  fico 


(3.1) 


where  j3  is  the  instantaneous  absorption  coefficient  which  may  decrease  with  time  due 
to  depletion  of  the  donor  levels  and  re  is  the  time  constant  for  the  loss  of  free  elec- 
trons  from  the  conduction  band.  In  writing  the  first  term  in  Eq.  (3.  1)  for  the  rate  of 
creation  of  free  electrons,  it  has  been  assumed  that  each  photon  absorbed  creates  an 
electron.  For  simplicity,  is  assumed  to  be  the  time  constant  for  the  recombi- 
nation of  the  electrons  with  the  impurities,  although  other  processes  that  trap,  or 
immobilize,  the  electrons  may  shorten  this  time.  It  is  further  assumed  for  simplicity 
that  the  instantaneous,  extrinsic  absorption  coefficient  can  be  written 

/3=Nbab,  (3.2) 


where  N b is  the  instantaneous  concentration  of  bound  electrons  at  impurity  sites  and 
ab  is  absorption  cross  section  of  an  impurity.  Actually,  a sum  over  different  types 
of  impurities  is  needed  in  Eq.  (3.2).  The  additional  creation  of  conduction  electrons 
by  electrons  already  in  the  conduction  band  has  been  neglected  in  Eq.  (3.  1).  The 
neglect  of  the  electron  avalanche  process  is  justified  by  the  fact  that  we  are  primarily 
interested  in  the  lower  threshold  processes  of  optical  distortion  and  thermal  fracture, 
rather  than  intense  local  heating. 

Setting  the  concentration  N()  of  impurity  sites  equal  to  the  sum  of  the  concentra- 
tions of  bound  and  free  electrons 


N = N + N 
1 0 b F 


(3.3) 


1 
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Eq.  (3.  1)  can  be  written  in  the  form 


dN. 

"dT 


N()  abI 
fia1 


N (~  + 

F \Tr  ^ 


(3.4) 


The  second  term  in  Eq.  (3.4)  suggests  the  definition  of  an  effective  time  constant  tJ. 

K 

for  recombination: 


'R 


= — + 

tR 


'R 


(3.5) 


where 


...  _ "fia.' 
R ~ a b 1 


(3.6) 


The  time  constant  t"  is  a manifestation  of  depletion  of  the  impurity  levels  with 
decreasing  values  of  tR  at  high  intensities  and  with  large  absorption  cross  sections 
being  indicative  of  more  rapid  depletion  under  these  conditions.  Values  of  r'^  as  a 

function  of  intensity  are  plotted  in  Fig.  3 for  the  two  impurity  absorption  cross  sec- 

-16  2 -20  2 
tions  10  cm  (strongly  absorbing)  and  10  cm  (weakly  absorbing).  Significant 

depletion  of  the  impurity  levels  occurs  at  times  greater  than  when  the  intensity 

is  great  enough  that  < t^.  Accurate  values  of  the  intrinsic  recombination  time 

r in  materials  of  interest  at  room  temperature  are  not  known.  Values  of  in  the 
-2  -4 

range  from  10  sec  to  10  sec  have  been  observed  in  room  temperature  samples  of 
germanium.  11  If  such  large  values  of  occur  in  materials  of  interest,  the  ef- 
fective time  constant  t"  will  be  dominant  for  intensities  greater  than  approximately 
4 2 

10  W/cm  , depending  on  and  depletion  will  occur  if  the  laser  pulse  duration  is 
greater  than  t'. 


213 


Depletion  time,  r"R  (sec) 


sec.  n-m 


Using  the  fact  that  the  initial,  low-intensity  extrinsic  absorption  coefficient  is 
given  by 

3«  = N0ab  0.7) 

and  using  Eq.  (3.5),  Eq.  (3.4)  can  be  written 


dN, 


cl  t 


(3.8) 


For  zero  concentration  of  free  electrons  at  zero  time,  Eq.  (3.  8)  has  the  solution 


00 1 
1 F ft  co 


't/TA 


'R 


(3.9) 


Concentrations  Nj;  of  free  electrons  are  plotted  as  a function  of  time  in  Fig.  4 for  five 
laser  intensities.  The  laser  intensities  are  expressed  in  units  of  a characteristic  in- 
tensity 1^  where  r equals  r^: 


i = fito 
c a,  r 


(3.  10) 


b 'R 


At  short  times  t <<  Eq.  (3.9)  becomes 


NF 


Pq1' 

ft  60 


t <<  T 


R 


(3.11) 


In  the  short-time  limit,  no  depletion  or  recombination  occurs,  and  according  to 
Eq.  (3.  11),  one  free  electron  is  created  for  each  photon  absorbed.  The  concentra- 
tion of  free  electrons  is  linear  in  1 and  in  in  this  limit. 
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ration,  t/rp 


a function  of  time  at  five  intensities 
absorption.  Nq  is  the  concentration 
; recombination  time,  and  1^  is  the 


6 
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Equilibrium  is  attained  in  the  long-time  limit  where' 


>>  . In  this  limit  Eq. 


(3.  °)  becomes 


N 


t >>  r 


IV 


(3.  12) 


This  equation,  effectively,  states  that  one  free  electron  is  created  by  each  photon  ab- 
sorbed for  an  initial  period  of  time  r^,  with  subsequent  absorption  maintaining  the 
equilibrium  concentration.  Out  of  necessity,  the  equilibrium  concentration  of  free 
electrons  in  Eq.  (3.  12)  must  be  less  than  the  initial  concentration  of  bound  electrons 
Nq.  At  low  intensities  I <<  1^  , rite  time  constant  is  equal  to  the  recombination 
time  t^,  and  the  equilibrium  number  is  less  than  N ()  and  proportional  to  I.  At  high 
intensities  I >>I^,  the  equilibrium  number  of  free  electrons  in  Eq.  (3.  12)  is  pre- 
vented from  exceeding  by  decreasing  values  of  with  increasing  intensity.  In 
this  limit,  the  time  constant  r’^  is  approximately  equal  to  and  substitution  of 
Eq.  (3.6)  into  (3.12)  yields  Np  ~ N ().  At  tlte  characteristic  intensity  I , extrap- 
olation of  the  short-time  slope  of  Np  from  Eq.  (3.  11)  to  a time  yields  Np  = N’t). 
However,  at  this  intensity,  = t^/2  and  the  equilibrium  concentration  from  Eq. 

(3.  12)  is  Np  = NQ/2. 

The  above  analysis  shows  that  saturation  occurs  when  the  intensity  is  greater 
than  tlte  characteristic  intensity  I ^ and  when  the  time  is  greater  than  the  time  con- 
stant t^.  In  practical  situations,  the  recombination  time  may  be  much  greater 
titan  the  laser  pulse  duration,  and  hence,  intensities  that  are  large  compared  to  1^ 
arc  required  for  depletion  to  occur  while  the  laser  is  on.  For  a recombination  time 

Tj,  of  10  ^ sec  and  an  impurity  cross  section  of  10  1(’cm"  , the  value  of  I is 

2 

approximately  1 W/cm  . 
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In  order  for  depletion  to  occur  during  the  laser  pulse  duration  of  10  sec  or  less,  it 

4 4 2 

is  necessary  that  the  intensity  be  greater  than  10  I£  or  10  W/cm  . 1 his  is  still  a 

small  intensity,  and  depletion  will  occur  in  many  practical  situations  unless  the  im- 
purity cross  section  is  very  small  or  the  laser  pulse  duration  is  very  short. 

The  creation  of  electron-hole  pairs  by  intrinsic  multiphonon  absorption  can  be 

analyzed  in  a similar  manner,  subject  to  certain  modifications  and  approximations. 

Analogous  to  Eq.  (3.  1),  the  rate  of  change  of  the  concentration  of  electron-hole  pairs 

N due  to  two -photon  absorption  is  written 
F 


5 , V . !!f 

d t 2?uo  T ^ 


where  the  factor  of  two  in  the  denominator  arises  from  the  fact  that  the  absorption  of 
two  photons  is  required  to  create  a pair.  The  absorption  coefficient  for  two-photon 
absorption  is  proportional  to  the  intensity  and  is  written  in  Eq.  (2.9)  as 

02=(I/Io)  ( lcm”1 ).  <3‘ 

At  very  high  intensities,  depletion  of  the  intrinsic  valance  electrons  may  occur,  and 
to  analyze  this  effect,  it  is  useful  to  define  a two-photon  absorption  cross  section  CT  2 
per  unit  cell  of  the  crystal: 


a 2 ~ I/I()N(), 


where  N()  is  the  number  of  unit  cells  per  unit  volume.  The  definition  of  a two-photon 
cross  section  is  used  in  a loose  sense  because,  besides  being  intensity  dependent, 
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In  order  for  depletion  to  occur  during  the  laser  pulse  duration  of  10  sec  or  less,  it 

4 4 2 

is  necessary  that  the  intensity  be  greater  than  10  1^  or  10  W/cm  . 1 his  is  still  a 

small  intensity,  and  depletion  will  occur  in  many  practical  situations  unless  the  im- 
purity cross  section  is  very  small  or  the  laser  pulse  duration  is  very  short. 

The  creation  of  electron-hole  pairs  by  intrinsic  multiphonon  absorption  can  be 

analyzed  in  a similar  manner,  subject  to  certain  modifications  and  approximations. 

Analogous  to  Eq.  (3.  1),  the  rate  of  change  of  the  concentration  of  electron-hole  pairs 

N r.  due  to  two-photon  absorption  is  written 
F 


dNp  _ Np 

d t 2fUC  T„  ’ 


(3.13) 


where  the  factor  of  two  in  the  denominator  arises  from  the  fact  that  the  absorption  of 
two  photons  is  required  to  create  a pair.  The  absorption  coefficient  for  two-photon 
absorption  /?2  is  proportional  to  the  intensity  and  is  written  in  Eq.  (2.9)  as 

$2  = ( I/I q ) ( 1cm”1).  <3' 

At  very  high  intensities,  depletion  of  the  intrinsic  valance  electrons  may  occur,  and 
to  analyze  this  effect,  it  is  useful  to  define  a two-photon  absorption  cross  section  cr2 
per  unit  cell  of  the  crystal: 


°2'MoN0' 


(,i.  15) 


where  N()  is  the  number  of  unit  cells  per  unit  volume.  The  definition  of  a two-photon 
cross  section  is  used  in  a loose  sense  because,  besides  being  intensity  dependent, 
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the  cross  section  per  unit  cell  may  change  if  significant  depletion  occurs.  The  changes 
in  the  cross  section  upon  depletion  may  involve  such  many-body  effects  as  a change  in 
the  crystal  band  gap  when  sufficient  numbers  of  valence  band  electrons  are  excited  to 
the  conduction  band. 

Using  Eq.  (3.  15)  in  Eq.  (3.  13),  an  equation  for  the  rate  of  change  of  the  pair  con- 
centration similar  to  Eq.  (3.4)  is  obtained: 


d N F 

“d 7" 


N0  V 

2hcc 


- N 


Ft 


R 


(3.  16) 


where  now  the  second  term  in  the  effective  time  constant  is  inversely  proportional  to 
the  square  of  the  intensity: 


,,  _ 2ft  at 
tR-  a2l 


2 N I ft  Cl' 
0 0 


(3.17) 


Assuming  that  Eq.  (3. 15)  is  valid,  the  solution  of  Eq.  (3.  16)  is 


N - I2  . /.  -t/TR^ 
NF  2 1 () Fee  tR  I1  e , 


(3.18) 


, ,-1  -1  , „-l 

where  rR  - rR  + tr  . 

As  before,  one  can  define  a characteristic  intensity  I for  depletion  as  the  inten- 

c 

sity  where  the  time  constant  t r equals  the  intrinsic  recombination  time  tr.  Setting 
T R in  Eq.  (3.  17)  equal  to  rR  and  solving  for  the  intensity  yields 


I c = ( 2 N()  I n F u:/  tr  ) 


1/2 


(3.  Id) 
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8 2 

Using  I ()  = 1.7  x 10  VV/cin  from  Eq.  (2. 10)  as  a typical  value  at  350nm  wavelength 
22  -3  -2 

and  using  Nq  = 10  cm  and  = 10  sec,  the  value  of  I from  Eq.  (3. 19)  is 
7 2 

1.4  x 10  W/cm  . This  value  will  increase  if  the  intrinsic  recombination  time  in  ma- 

-2 

terials  of  interest  is  shorter  than  10  sec.  For  an  intensity  equal  to  I , the  two- 
photon  absorption  coefficient  is  equal  to  0.08cm  *. 


In  many  practical  situations,  the  laser  pulse  duration  is  much  less  than  the 

intrinsic  recombination  time.  Hence,  intensities  greater  than  1^  (consequently, 

larger  two-photon  absorption  coefficients)  are  required  for  depletion  to  occur. 

The  concentration  Np  of  electron-hole  pairs  is  plotted  as  a function  of  time  in 

Fig.  5 for  several  laser  intensities.  For  pulse  durations  less  than  10  sec, 

laser  intensities  greater  than  the  characteristic  two-photon  absorption  intensity 

1^  are  required  to  approach  saturation.  With  an  intensity  10  1^,  one  percent  of 

“8 

the  valence  electrons  are  excited  after  an  irradiation  time  of  10  seconds. 

This  time  decreases  to  10  ^ seconds  for  an  intensity  equal  to  100  1 . Although 
Fig.  5 is  plotted  in  terms  of  the  characteristic  intensity  1^,  the  times  at  which 
saturation  takes  place  will  vary  due  to  the  dependence  of  rr'^  on  I(j.  In  matc- 
ials  with  small  values  of  Iq  (strong  two-photon  absorbers),  the  times  for 
saturation  will  decrease  from  those  in  Fig.  5. 

Besides  neglecting  many-body  effects  which  may  change  the  two-photon  cross 
section,  the  possibility  of  the  additional  creation  of  free  carriers  at  high  intensities 
by  the  electron-avalanche  process  has  also  been  neglected.  In  spite  of  the  diffi- 
culties near  saturation,  many  failure  thresholds  occur  in  the  low-intensity,  short- 
time  regime  where  estimates  of  the  pair  concentration  are  thought  to  be  reliable. 
The  limiting  form  for  Eq.  (3.  18)  in  this  region  is 


I2t 


2 Ijj'fioe 


N <<  N 
F T) 


(3.  20) 
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Similarly,  for  materials  suffering  three-photon  absorption  at  the  laser  frequency 
and  having  an  absorption  coefficient 

0 = d2/I()3>  (1cm"1),  (3.21) 

the  rate  of  change  of  the  electron-hole  pair  concentration  is  given  by 
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hJ 


dN 


dt 
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Nt 


2 T ' 

3I03ficc  tR 


(3.22) 


where 


rR  TR 


3 N ()  I h tc 


(3.23) 


Equation  (3.22)  has  the  solution 
,3  / 


NF 
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11 03  ficc 


tr  1"e 


“t/TRN 


(3.24) 


subject  to  the  same  limitations  near  saturation  as  discussed  above  for  two-photon 
absorption.  Additionally  near  the  characteristic  intensity  I ( ^ for  three-photon  ab- 
sorption, the  value  of  the  intensity  is  sufficiently  large  that  electron  avalanche  will 
occur.  A typical  value  ot  1...,  equal  to  3.7  x lO^W/cm2  was  dc rival  in  the  previous 
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Pulse  duration,  t(sec) 


f ig.  6.  Klectron-holc  pair  concentration  as  a function  of  time  at  four  laser 
intensities  for  materials  limited  by  intrinsic  three-photon  absorption.  Iq^ 
is  the  characteristic  intensity  where  the  three-photon  absorption  coefficient 
equals  1 cm'l. 
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second  term  in  the  effective  time  constant  decreases  with  increasing  intensity  as  I 
and  results  in  rapidly  decreasing  saturation  times  for  intensities  greater  than  I(1^. 
In  the  short-time,  low-intensity  limit,  the  pair  concentration  is  given  by 


r3t 


3 1 Q3  fi  cr 


nf  <<:  N0 


(3.25) 


In  this  limit,  the  pair  concentration  is  proportional  to  the  cube  of  the  intensity. 
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Free  carriers  created  by  either  intrinsic  multiphoton  absorption  or  extrinsic  ab- 
sorption can  both  absorb  subsequent  radiation  and  result  in  a change  of  the  refractive 
index  with  resulting  optical  distortion.  Both  of  these  effects  are  connected  by  the  com- 
plex dielectric  constant.  If  we  assume  that  the  effects  of  depletion  of  the  bound  electrons 
and  the  effects  of  free  carriers  on  the  optical  properties  are  additive,  the  complex  di- 
electric constant  of  a crystal  containing  a density  N’  of  free  carriers  can  be  written 


= , 

e c0  ' N()  (f0 
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2 

to 




+ ia '/Tc 


(4.  1) 


with 
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4 77  N p e^/m, 


(4.2) 
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where  e ()  is  the  unperturbed  dielectric  constant,  N ^ is  the  initial  density  of  bound 

electrons,  r is  the  collisional  relaxation  time  of  the  free  carriers,  to  is  the  plasma 
c P 

frequency  of  the  free  carriers,  e is  the  electronic  charge,  and  in  is  the  effective  mass 
of  the  free  carriers.  With  donor  impurities,  m is  the  effective  mass  of  a conduction 
electron  m which  typically  is  approximately  equal  to  the  free  electron  mass.  With 
acceptor  impurities,  m is  the  effective  mass  of  a hole  which  typically  is  much 
larger  than  the  free  electron  mass.  With  intrinsic  absorption,  m is  equal  to  the  re- 
duced effective  mass  of  an  electron  and  a hole  which  is  approximately  equal  to  the 
electron  mass  because  of  the  large  effective  mass  of  the  hole.  Optical  effects  of 
holes  are  negligible  in  comparison  to  electrons  because  of  their  large  effective  mass, 
hence,  small  mobility.  Such  effects  are  neglected  in  the  following,  and  the  mass  m 
is  always  taken  to  be  equal  to  the  free  electron  mass. 


225 


- 

1 

! 

' 

1 


Sec.  D-IV 


The  second  term  in  Ecj.  (4. 1)  is  the  decrease  in  the  dielectric  constant  due  to  a 
decrease  in  the  number  of  bound  electrons.  In  writing  this  term  it  has  been  assumed 
that  each  bound  electron  contributes  equally  to  the  dielectric  constant  and  that  the 
change  in  the  dielectric  constant  is  linear  in  the  number  of  liberated  electrons.  This 
assumption  should  be  valid  for  small  changes  in  the  number  of  intrinsic,  bound  elec- 
trons. With  impurity  electrons,  there  is  an  additional  difficulty  that  the  polarizability 
of  the  impurities  are  generally  not  known.  The  use  of  the  unperturbed  dielectric 


constant  e in  the  second  term  of  Eq.  (4.  1)  assumes  that  the  polarizability  of  a 
bound,  impurity  electron  is  the  same  as  a bound,  intrinsic  electron. 


The  third  term  in  Eq.  (4.  1)  gives  the  contribution  of  the  free  carriers  to  the  di- 

12  ^ 

electric  constant  as  derived  from  the  Drude  theory  of  the  free  electron  gas.  This 
term  is  negative,  as  is  the  second  term,  avoiding  the  possible  analytical  difficulty  of 
a cancellation  between  the  second  and  third  terms.  Hence,  the  net  effect  is  a decrease 
in  the  dielectric  constant. 

In  the  frequency  range  of  interest,  the  conditions  co  >>  co^  and  go  > 1 are 

satisfied.  These  conditions  allow  the  dielectric  constant  to  be  written  in  the  form 


e “ f 0 ' TTT  ( c 0 ' 1 ) ‘ ~^T  + 1 


1 / 2 

To  obtain  the  real  part  of  the  refractive  index  n,  the  relation  n = e is  used  to 
obtain 


N_  0 GO 

F , 2 . . p 

n = no  * rfrrr-  <no  • 1}  ■ 

0 0 2 n o ‘■c 


where  we  have  also  used  n()2  = e0  and  (en  - Ac)  = c,^2  - Ae/2cn1//2. 
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The  assumption  that  each  bound  electron  contributes  equally  to  the  dielectric  constant 
is  only  approximate  in  view  of  the  Clausius-Mossotti  relation.  Hence,  one  can  make 
a similar  approximation  for  the  refractive  index  yielding  a simpler  form  for  Eq.  (4.4): 


Np  cc  2 

n = n0  ' N~  (n0  " :)  ' ~ ?. 

0 2 n y m 


(4.5) 


a.  Free  Carrier  Absorption 

The  effect  of  the  creation  of  frep.  carriers  on  the  absorption  coefficient  is  obtained 
using  /J  = tr/n^c,  where  is  the  imaginary  part  of  f and  c is  the  velocity  of  light. 
Assuming  that  the  absorption  by  the  bound  electrons  is  proportional  to  the  density  of 
bound  electrons,  we  obtain 
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n c oc  t 
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(4.6) 


It  is  useful  to  define  an  absorption  cross  section  af.  for  the  free  carriers.  Substitut- 
ing Eq.  (4.2)  into  the  second  term  of  Eq.  (4.6)  yields 
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, 2 

4 1TC 


2 

n ()  m c oc  t 


(4.7) 


and  using  ,3  p = Np  CTp  yields 
2 

_ _ 47te 

ctF  ~ 2 ‘ (4.6) 

n m c oo  r 
U c 

Using  co  = 5.4  x 10^  sec  1 ( X = 350 nm),  m equal  to  the  free  electron  mass,  and 

— in"  14  . u r*  , ,.,“18  2 

Tc  - 10  sec,  yields  Op  = 2.4  x 10  cm  . 
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In  the  case  of  a material  limited  by  donor  impurity  absorption,  the  overall  absorp- 
tion coefficient  of  the  material  is  written 

9 = Nb  CTb  + nf  V (4-9) 

where  N ^ and  Np  are  the  concentrations  of  bound  and  free  electrons,  respectively. 
Using  Nq  = Np  + Np  yields 

J8  = /30  + Np  (Op  - <rb)  , (4.10) 

where  = N ^ cr^  is  the  initial,  unperturbed  absorption  coefficient.  The  density  Nj 
of  free  electrons  under  various  conditions  was  derived  in  die  previous  section  with  the 

v 

results  presented  in  Eq.  (3.9)  and  in  Fig.  4.  As  the  concentration  of  bound  electrons 

becomes  depleted,  the  overall  absorption  coefficient  in  Eq.  (4.  10)  will  either  increase 

or  decrease,  depending  on  the  relative  magnitudes  of  and  Op.  The  value 
“18  2 

2.4  x 10  cm  for  CTp  derived  above  falls  midway  in  the  range  of  expected  impurity 
absorption  cross  sections. 

-4  -1 

Assuming  an  initial,  unperturbed  absorption  coefficient  of  10  cm  , the  overall 

absorption  coefficient  is  plotted  as  a function  of  time  under  various  conditions  in 

Fig.  7.  For  Op  = Op,  the  absorption  coefficient  is  constant  for  all  times  and  all 

intensities,  neglecting  the  temperature  dependence  of  /?.  For  weakly  absorbing  im- 
-2 

purities  with  Op  = 10  Op,  the  overall  absorption  coefficient  increases  with  time  as 
is  shown  for  three  different  intensities  in  the  upper  portion  of  the  figure.  These  in- 
tensities are  expressed  in  units  of  the  characteristic  intensity  for  depletion  defined 
in  Eq.  (3.  10).  Similarly,  decreasing  absorption  coefficients  are  shown  in  the  lower 
portion  of  the  figure  for  three  different  intensities  incident  on  a material  containing 


228 


Sec.  D-IV 


strongly  absorbing  impurities  with  = 10  Op. 

Recall  from  the  previous  section  that  for  an  intensity  equal  to  I , the  bound  elec- 
tron concentration  is  reduced  to  half  its  initial  value  for  times  greater  than  t^.  We 
notice  two  differences  between  strongly  absorbing  and  weakly  absorbing  impurities 
from  the  figure.  First  at  an  intensity  equal  to  the  appropriate  I , the  percentage 
change  in  the  absorption  coefficient  is  greater  for  weakly  absorbing  impurities  than  for 
strongly  absorbing  impurities.  This  follows  from  the  fact  that  $ is  dominated  by  the 
larger  of  the  two  cross  sections,  with  relatively  few  free  electrons  being  required  to 
dominate  the  absorption  in  materials  with  weakly  absorbing  impurities;  but  significant 
depletion  is  required  to  change  the  absorption  coefficient  with  strongly  absorbing  im- 
purities. The  second  difference  between  strongly  and  weakly  absorbing  impurities  is 
that  it  is  easier  to  deplete  strongly  absorbing  impurities  than  weakly  absorbing  im- 
purities. The  figure  is  somewhat  misleading  because  the  value  of  is  inversely 

proportional  to  the  absorption  cross  section.  With  the  two  cross  sections  used,  the 

4 

two  values  of  I differ  by  a factor  of  It)  so  that  the  two  cases  1001  ,,  and  0.01 1 , 
c J c2  cl 

have  the  same  intensity. 

Actual  materials  arc  expected  to  have  a distribution  of  impurities  cross  sections. 
When  such  a material  is  irradiated,  the  overall  absorption  coefficient  may  first  de- 
crease as  the  strongly  absorbing  impurities  become  depleted,  and  later  increase  upon 
depletion  of  the  weakly  absorbing  levels. 

I or  materials  limited  by  two-photon  absorption,  the  overall  absorption  coefficient 
can  be  written 

.3  = ( I/I 0 ) (lent'1)  + N j.  (Oj  -a2),  (4.11) 
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where  the  first  term  is  the  intrinsic  two-photon  absorption  from  Eq.  (2.9)  and  the 
second  term  is  the  contribution  from  electron -hole  pairs.  As  discussed  above,  the 
electron-hole-pair  cross  section  is  approximately  equal  to  the  free-electron  cross 
section  Oj.  used  for  donor  impurities.  The  two-photon  absorption  cross  section 
ct7  = I/N()I() , defined  in  Eq.  (3.  15),  is  proportional  to  the  intensity  and  is  generally 

much  smaller  than  Op  unless  the  intensity  is  very  large.  For  N()  = 10  cm  , the 

-4 

two-photon  cross  section  is  approximately  equal  to  10  o^ . for  an  intensity  equal  to  I{). 

4 

A very  large  intensity  10  I ()  is  required  for  a 2 to  equal  Op.  Hence,  for  all  practical 
cases,  the  overall  absorption  coefficient  will  increase  with  time  as  free  pairs  are  gen- 
erated. 

Using  the  results  from  Eq.  (3.  18)  and  Fig.  5 for  the  pair  concentration,  the  overall 
absorption  coefficient  is  plotted  as  a function  of  time  in  Fig.  8 for  five  different  laser 
intensities.  At  times  less  than  the  effective  recombination  time  when  saturation 
has  not  yet  occurred,  Eq.  (3.20)  can  be  used  for  the  pair  concentration,  yielding 

£ = ( l/Ip)  (1cm  *)  + ^ ( Cp  - ct2),  t <<  . (4.12) 

At  short  times  in  the  figure,  the  second  term  in  Eq.  (4.  12)  is  negligible  compared  to 
the  intrinsic  absorption  in  the  first  term.  In  this  region  the  absorption  coefficient  is 
time -independent  and  proportional  to  the  intensity.  At  later  times  as  the  free-carrier 
term  becomes  dominant,  the  absorption  increases  linearly  with  time  and  is  proportion- 
al to  the  square  of  the  intensity.  Saturation  occurs  at  long  times  in  the  figure  for  the 
two  large  intensities  10  I and  1001  n . 

Similarly,  with  a material  limited  by  three-photon  absorption,  the  overall  ab- 
sorption coefficient  is 
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J - ( l ~/ 1 0*^ ) (lcm'1)  t Nj.  (CTj.  - CT.j), 


(4. 13) 


whore  the  first  term  is  the  intrinsic  three-photon  absorption  coefficient  and  the  second 
term  is  the  electron-hole  pair  contribution.  The  pair  concentration  is  given  in  Eq.  (3.24), 
and  in  the  short-time  limit,  the  absorption  coefficient  becomes 


(I2/I0“)  (lcm'1) 


I3, 


31 03*“ 


(CTj,  - CT3), 


, « 


(4.  14) 


Results  similar  to  those  for  two-photon  absorption  are  plotted  in  Fig.  9 for  three- 
photon  absorption.  At  short  times  in  the  figure,  the  overall  absorption  coefficients 
approach  the  intrinsic  three-photon  values  which  are  time-independent  and  proportion- 
al to  the  square  of  the  intensity.  As  the  pair  contribution  becomes  dominant,  the  over- 
all absorption  coefficient  increases  linearly  with  time  and  is  proportional  to  the  cube 
of  the  intensity.  Saturation  occurs  on  the  time  scale  of  the  figure  at  intensities  greater 
than  I()3< 

b.  Free  Carrier  Optical  Distortion. 

Free  carrier  optical  distortion  is  primarily  a single  pulse  effect  since  the  free 
carriers  liberated  during  the  pulse  tend  to  recombine  between  pulses.  Significant  re- 
combination occurs  if  the  repetition  rate  is  less  than  the  inverse  of  the  intrinsic 
recombination  time  T^.  In  die  following,  it  is  assumed  that  this  is  true,  although  for 
recombination  times  of  1(1  "sec  the  repetition  rate  is  limited  to  100 Hz  or  less. 

Optical  distortion  results  from  the  fact  that  the  laser  intensity,  hence  the  free 
carrier  concentration,  is  nonuniform  in  going  from  the  center  to  the  edge  of  the  op- 
tica] element  being  irradiated.  With  intrinsic  multiphonon  absorption,  the  carrier 
concentration  is  more  nonuniform  than  the  intensity,  since  the  density  of  free  carriers 
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is  proportional  to  the  square  of  the  intensity  for  two-photon  absorption  and  to  the  cube 
of  the  intensity  for  three-photon  absorption.  Neglecting  edge  effects,  the  limit  on  the 
change  in  the  optical  path  through  die  center  of  the  optical  element  can  be  expressed  in 
fractions  of  a wavelength: 


6n  • X = ) / y , 


(4.  15) 


where  6n  is  the  change  in  the  refractive  index,  X is  the  thickness  of  the  element  and 
y is  an  integer  typically  in  the  range  from  10  to  100.  Since  the  change  in  the  optical 
path  is  linear  in  the  thickness,  only  a thickness  of  lcm  will  be  considered  in  the  fol- 
lowing threshold  calculations. 

Substituting  the  change  n-n()  from  Eq.  (4.5)  into  (4.15)  and  using  Eq.  (4.2),  we 
obtain  * 


-NF 

6n  * — (no-  » 


2 7TNFe2 

“ T 

N ()  m a: 


(4.16) 


Notice  that  the  change  in  the  refractive  index  is  negative,  implying  that  the  distortion 
effect  will  be  a defocusing  of  the  beam.  Equation  (4.  16)  is  linear  in  die  free  carrier 
concentration,  so  that  a limit  on  Nj.  can  easily  be  obtained: 


NpS  2.4  x 1016cm'3, 


(4.  17) 


for  X = 350 nm,  y =40,  and  n()  = 1.5. 

Intensity  thresholds  for  distortion  are  readily  obtained  from  Eq.  (4.  17)  using  the 
results  of  Sec.  HI  for  the  free  carrier  concentration.  In  materials  limited  by  donor 
impurities,  there  may  not  be  enough  donor  electrons  available  to  cause  distortion. 
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For  an  extrinsic  absorption  coefficient  of  10  cm  , the  concentration  of  donor 

12  ”3  16  -3 

impurities  ranges  from  10  cm  to  10  cm  for  absorption  cross  sections 
“16  2 ”20  2 

ranging  from  10  cm  to  10  cm  . For  comparison  to  the  thresholds  obtained 
for  intrinsic  multiphonon  absorption,  it  is  assumed  that  the  cross  section  is  suf- 
ficiently small  that  there  are  ample  donor  electrons  available  for  distortion.  It  is 
further  assumed  that  the  short-time  limit  t < rj^  applies  so  that  the  concentration 
of  free  electrons  can  be  written 


NF  = 


(4.  IS) 


The  validity  of  the  short-time  limit  can  readily  be  checked  by  reference  to  Fig.  3. 
Hence,  the  distortion  threshold  becomes 


N’tiu; 

F 


(4.  19) 


I = 1.4  x 102t-1  W/ct 
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impurity  (/3  = 10  cm  ) 


(4.20) 


for  t expressed  in  seconds. 

With  intrinsic,  multiphoton  absorption,  the  short-time  limit  always  applies 


since  the  value  of  Np  in  Eq.  (4.  17)  is  much  less  than  the  concentration  of  valence 
electrons.  Using  Eq.  (3.20)  for  Np  in  materials  limited  by  two-photon  absorption, 
the  threshold  for  optical  distortion  is  obtained: 


(4.21) 


or  using  Eq.  (4.  17)  for  Np  and  Eq.  (2. 10)  for  I()  , 


I 5 2.2  x 103  t‘1/2 


two-photon 


(4.22) 
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for  t expressed  in  seconds.  Similarly,  for  three-photon  absorption,  the  threshold 
is  obtained  using  Eq.  (3.25)  for  N'  : 


! g ^3NF  *03  tia; 

or  using  l().j  - 3.7  x 10^ 3 W/cm2  , 

7-1/3  2 

I - 1.8  x 10  t W/cm  . three-photon 


(4.23) 


(4.24) 


The  thresholds  for  distortion  in  Eqs.  (4. 19)  - (4.24)  have  different  depen- 
dences of  the  absorption  coefficients  on  intensity.  The  threshold  for  donor  impur- 
ities decreases  with  decreasing  t as  t 1 , while  the  intrinsic  two-photon  and 
three-photon  thresholds  decrease  as  t 3/^2  and  t 3^3,  respectively.  Hence, 
optical  distortion  from  impurity  absorption  is  relatively  more  important,  compared 
to  the  intrinsic  absorption,  with  long  pulse  durations.  With  the  parameters  used 
above,  the  impurity  threshold  intensity  equals  the  two-photon  threshold  intensity 

_3 

for  a pulse  duration  of  4 x 10  sec.  The  impurity  and  three-photon  thresholds 

”8 

are  equal  with  a pulse  duration  of  2 x 10  sec. 

Similarly,  the  various  thresholds  have  different  dependences  on  other  param- 
eters. If  the  optical  tolerance  in  Eq.  (4.  15)  is  relaxed  by  decreasing  the  value  of 

y,  the  impurity  threshold  increases  by  the  same  factor  that  y decreases,  while 

-1/2 

the  two-photon  and  three-photon  thresholds  have  the  lesser  dependences  y and 
y”1//3,  respectively.  The  two-photon  threshold  intensity  in  Eq.  (4.21)  is  propor- 
tional to  . Hence,  if  the  value  of  I()  is  only  known  to  within  a factor  of  10, 

the  threshold  intensity  can  still  lx>  calculated  within  a factor  of  approximately 
three. 
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The  failure  modes  of  thermal  distortion  and  thermal  fracture  occur  primarily 
in  repeated-pulse  systems.  Besides  having  greater  single-pulse-intensity  thresh- 
olds than  other  failure  modes  such  as  free-carrier  optical  distortion,  thermal 
distortion  may  not  occur  during  the  pulse  and  fracture  may  not  occur  until  after  the 
pulse  has  been  transmitted.  In  the  absorption  process,  the  energy  absorbed  during 
the  first  part  of  the  pulse  goes  primarily  into  creating  free  carriers.  This  energy 

is  not  converted  into  heat  until  the  free  carriers  recombine  in  a time  as  long  as 
-4  -2 

10  to  10  sec.  The  energy  absorbed  by  the  free  carriers  degrades  rapidly  into 

-14 

heat  in  a time  comparable  to  the  electron-collision  time  of  approximately  10 
sec.  Even  after  the  absorbed  energy  is  degraded  into  heat,  thermal  distortion  and 
thermal  fracture  do  not  occur  immediately.  In  order  for  these  effects  to  take 
place,  it  is  necessary  for  the  material  to  expand,  which  takes  a time  comparable  to 
the  time  for  sound  to  traverse  the  sample,  i.e. , of  the  order  of  10  3 sec /cm. 

Cooling  window  materials  is  generally  not  effective  in  reducing  thermal  effects, 
since  for  reasonably  large  windows,  the  thermal  time  constant  is  greater  titan  the 
total  operating  time  of  the  laser.  With  edge  cooling,  the  thermal  time  constant  is 

rE  = C ( 1/2  D )2  / 4 K , (5.  1) 

where  C is  heat  capacity,  K is  the  thermal  conductivity,  and  D is  the  window 

3 ) 

diameter.  Using  the  typical  values  of  C = 2J/cm‘  K and  K = 0.  1 W/ctrt  h 
Tp  is  equal  to  125  sec  for  a 10  cm  window  diameter.  With  face  cooling,  the 
thermal  time  constant  is 


r 


F 


(5.2) 
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where  2 is  the  window  thickness  and  h is  the  surface  heat-transfer  coefficient. 
Using  h = 10  W/cni  K and  2 = 1 cm  , the  value  of  the  time  constant  is  207 
Hence,  for  operating  periods  less  tlian  these  time  constants,  the  absorbed  energy 
integrates,  and  the  total  temperature  rise  is  the  sum  of  increases  for  each  indi- 
vidual pulse. 

Optical  distortion  results  from  the  optical  path  for  a ray  transversing  the 
center  of  the  window  being  different  from  that  for  a ray  near  the  edge  of  the  window. 
This  results  from  greater  laser  intensities,  hence  greater  temperatures,  near  the 
center  of  the  window*?  With  uniform  intensities  and  uniform  heating,  there  may 
be  an  equal  change  in  the  optical  path  for  all  rays,  but  no  distortion.  Estimates 
for  the  optical -distortion  intensity  threshold  are  made  from  the  change  in  the 
optical  path  through  the  center  of  the  window: 

2 A T | anT  | ^ X/y  , (5.3) 

where  y is  typically  an  integer  in  the  range  from  10  to  100  and  S is 

dnT  = (an/3T)CT  + a(  1 +u)  (n  - 1)  + S , (5.4) 

where  the  derivative  is  taken  at  constant  stress,  a is  the  linear  expansion  coeffi- 
cient, v is  the  Toisson  ratio,  and  S is  a small  stress-optic  term.  The  first  term 
is  the  explicit  change  in  the  refractive  index  with  temperature,  and  the  second 
term  results  from  bulging  at  the  center  of  the  window  due  to  nonuniform  heating. 

Taking  the  window  thickness  equal  to  1 cm,  Eq.  (5.3)  is  readily  solved  for 
the  optical  distortion  temperature  rise: 

A To  = X !y  I SnT  I • <5*5> 

The  temperature  rise  for  fracture  is  given  by 


See.  D-V 


* -1 


ATf  = 2cr/a  ESF  . 


(5.6) 


where  cr  is  the  fracture  strength,  E is  the  Young's  modulus,  and  SF  is  the  safety 

factor  usually  equal  to  4.  Values  of  ATq  and  ATf  are  given  in  Table  III  for 

several  materials  using  y =40.  Alkaline -earth  fluorides  generally  have  small 

values  of  d , and  hence,  large  values  of  A'I()  . Depending  on  the  value  of  V , 

which  changes  with  crystal  orientation,  the  first  and  second  terms  in  Eq.  (5.4)  for 

alkaline-earth  fluorides  may  cancel.  This  possible  cancellation  is  shown  as  a 

14 

function  of  wavelength  for  Ca  F^  in  Fig.  10.  Oxides  tend  to  have  ct/E  ratios 
and  large  fracture  temperatures.  However,  oxides  may  suffer  two-photon  absorp- 
tion, and  this  advantage  may  be  lost  to  a larger  absorption  coefficient.  It  is 
cautioned  that  one  of  the  major  differences  between  materials  is  the  achievable 
absorption  coefficient.  In  the  following  calculation  of  intensity  thresholds,  the 
values  AT  = 0.  1 K and  A 'If  = 10  K are  used  as  typical  values. 

The  temperature  rise  upon  irradiation  is  given  by 

AT  = (I/C)  J 0(t)  dt  , (5.7) 

where  expressions  for  /3  (t)  under  various  conditions  have  been  derived  in  the 
previous  section.  For  a material  limited  by  extrinsic  absorption,  the  expression 
for  /?(t)  from  Eq.  (4.  10)  is  readily  integrated  to  give 


I^0r  I ^0  I"  2 2 

AT  = — + CftS  <CTF  - V LV  - TR  + rR  C 


-t/Tn 


R 


impurity , 


(5.  8) 


At  short  times,  the  absorption  coefficient  equals  and  the  temperature  rise  is 
linear  in  I and  t . At  later  times  as  the  impurity  levels  become  depleted,  the 
temperature  increases  at  a faster  or  slower  rate,  depending  on  whether  the  frec- 
carrier  cross  section  is  greater  than  or  less  than  the  bound-electron  cross  section. 
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Table  III.  Comparison  of  thermal  distortion  and  thermal  fracture  parameters  for  some  candidate  materials. 


(fused) 


Fig.  10.  Wavelength  dependence  of  terms  in  the  thermal  distortion 
expression  for  CaF2  demonstrating  a possible  cancellation  in  the 
visible  and  near  uv  spectral  regions.  (From  Miles,  Ref.  14) 

*'1 
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This  is  illustrated  in  Fig.  11  using  j3^  = 10  ^ cm  * and  I = 10  W/cm^.  For 

cr  ^ = cr p , the  second  term  in  Hq.  (5.  8)  is  zero,  and  the  temperature  increases 

-4  -6  2 

linearly  with  pulse  duration  reaching  5 x 10  K for  t = 10  sec.  For  cr^  = 10  (Tp  , 

-9 

the  bound  electrons  become  depleted  after  approximately  iO  sec.  Subsequently, 
the  absorption  coefficient  decreases  and  the  temperature  again  increases  linearly 
in  time  at  a different  slope.  With  the  smaller  cross  section  = 10  “ct  , 
depletion  does  not  occur  until  10  ^ sec  at  this  intensity. 

In  the  case  where  Cp  = a ^ , threshold  intensities  for  optical  distortion  or 
thermal  fracture  are  easily  obtained  from  Eq.  (5.  8) : 


I = C AT/0Qt  , aF  = a| 


impurity. 


For  a pulse  duration  of  10  6 sec  and  an  optical  distortion  temperature  rise  of 

9 2 

0.  1 K , the  single-pulse  threshold  intensity  is  2.0  x 10  W/cm  , using 
3 -4-1 

C = 2J/cm  K and  [3^  = 10  cm  . For  a repetitively  pulsed  system  having  a 
total  operating  time  less  than  the  thermal  time  constant  of  the  window,  the  tem- 
perature rise  is  linear  in  the  number  of  pulses,  and  the  threshold  intensity 

decreases  by  the  same  factor.  With  a system  pulsed  at  10'  Hz  for  60  sec 

4 49 

( 6 x 10  pulses),  the  optical  distortion  threshold  decreases  to  3.3  x 10  W/cm  . 

The  temperature  rise  of  10  K for  thermal  fracture  is  100  times  greater  than 

AT0  , and  the  thresholds  for  a single  pulse  and  repeated  pulses  become 

2.0  x 10*1  w/cm  and  3.3  x 10^W/cm^,  respectively. 

Lower  thresholds  will  be  obtained  if  ctp  > ct^  , and  greater  thresholds  will 

-4  - 1 

be  obtained  if  ctp  < at  the  same  initial  absorption  coefficient  /S(1  = 10  cm 
Cases  involving  other  initial  values  of  /3()  or  different  pulse  durations  with  o p = 
can  be  simply  obtained  from  Eq.  (3.9). 


Temperature  (K) 
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Fig.  11.  Temperature  rise  as  a function  of  time  in  materials  limited 
by  donor-impurity  absorption  having  an  initial  absorption  coefficient 
of  10"*  cm*1  and  various  impurity-absorption  cross  sections. 
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For  all  practical  cases  involving  two-photon  absorption,  depletion  of  die  bound 
electrons  does  not  occur,  and  the  short-time  limit  for  (3  in  Eq.  (4.  12)  can  be  used. 
Integration  yields 


AT  = 


I2t 


+ 4I()CTuc  (CTF 


°2 ) 


t « , two-photon  , 


(5.  10) 


Temperature  increases  are  plotted  as  a function  of  time  for  four  laser  intensities 
in  Fig.  12.  At  short  times  in  the  figure,  the  temperature  rise  is  due  to  the 

2 

creation  of  electron-hole  pairs,  and  AT  is  linear  in  time  and  proportional  to  I . 

At  longer  times  depending  on  the  intensity,  free-carriers  dominate  die  absorption, 

2 1 

and  AT  is  proportional  to  t and  I'  . 

At  intensities  near  the  single-pulse  threshold  intensities,  tbe  two  terms  in 
Eq.  (5.  10)  tend  to  make  comparable  contributions  to  the  temperature  rise.  With 
long  pulse  durations  comparable  to  10  ^ sec,  the  second  term  from  free  carriers 
rends  to  be  dominant,  yielding  the  threshold 

/4I(  Choc  AT  \ 1/3  _ 

I = [ ^ | , two-photon,  single  pulse,  t > 10  7 sec.  (5.11) 

\ 1 "F  / 

8 2 “182 

Using  I()  = 1.7  x 10  W/cm  and  o = 2.4  x 10  cm4,  the  optical  distortion 
temperature  of  0.  1 K occurs  at  an  intensity  2.4  * lO^W/cm2  with  a pulse  duration 

of  10  ^ sec.  The  single-pulse  thermal  fracture  t hTeslKdcMT^ 

1.4/  l07W/cm2  using  AT^  = 10  K . 

With  repeated  pulses  or  with  a single  short-duration  pulse,  the  first  term  in 
Eq.  (5.  10)  from  the  free-carrier  creation  tends  to  dominate  the  temperature  rise. 

In  these  cases,  threshold  intensities  are  obtained  from 
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I = 


^CA'l 
<1 ' 


1/2 


two-photon,  repeated-pulse , 


(S.  12) 


4 -() 

where  q is  the  number  of  pulses.  I or  6 x ]()  pulses  of  11)  sec  duration,  the 

4 2 

optical-distortion  threshold  intensity  is  2.4  X 10  W/cm  , and  the  thermal -fracture 
threshold  intensity  is  2.2  x lO'^W/cm^.  Because  of  the  square-root  dependence  on 
AT,  the  threshold  for  fracture  is  a factor  of  only  10  greater  than  the  optical- 
distortion  threshold,  even  though  the  two  temperatures  differ  by  a factor  of  100. 
This  fractional -power  dependence  results  in  the  threshold  intensities  being  some- 
what insensitive  to  the  value  of  I()  . An  order  of  magnitude  change  in  I()  results  in 
a change  of  approximately  3 in  the  threshold. 


Similarly,  using  the  short-time  limit  for  the  three-photon  absorption  coeffi- 
cient from  Eq.  (4.  14) , the  temperature  rise  in  this  case  is 


AT  = + 

*03  C 


I4 12 

61*  elite 


■ff3> 


three-photon,  t « . (5.  13) 


Temperature  rises  are  plotted  as  a function  of  time  in  Fig.  13  for  four  intensities. 

At  short  times  in  the  figure,  the  temperature  increases  linearly  with  time  and  is 

proportional  to  I*.  At  later  times  where  the  free-carrier  contribution  dominates 

2 4 

the  absorption,  the  temperature  rise  is  proportional  to  t and  I . 

In  contrast  to  the  results  for  two-photon  absorption,  the  second,  free-carrier, 
term  in  Eq.  (.3.  13)  dominates  the  temperature  rise  for  all  thresholds  of  present 
interest  and  yields 

/ 2 \ *^4 

/ 6 1(“3  Cfi  oo  A T \ 

1 = I ; ) , three-photon  , (5.  14) 

\ / 
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Fig.  13.  Temperature  rise  as  a function  of  time  at  four  laser  intensities 
in  a material  limited  by  intrinsic  three-photon  absorption. 
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wlu  -re  i|  is  iIk'  mmihi'i'  of  pulses.  I his  dominance  of  the  free-ca rricr  absorption 

occurs  because  large  nnmlvrs  of  electron-hole  pairs  arc  created  at  the  large 

intensities  where  the  intrinsic  three-photon  absorption  coefficient  has  moderate 

1 ] •>  -6 

values.  Using  I(1-=.?.7\  10  W/cni  and  a pulse  duration  of  10  sec,  the 

single-pulse  thresholds  for  optical  distortion  and  thermal  fracture  are 
8 •>  9 2 

4.  4 x It'  \\7cm"  and  1.4  \ 10  W/cm  , respectively.  With  a repeated-pulse  sys- 

4 7 2 

tern  having  on  10  pulses,  these  thresholds  decrease  to  2.8x10  W/cm  and 

7 ■> 

9.0  \ 10  W/cm  , respectively. 

As  with  two-photon  absorption,  the  fractional-power  dependence  of  the  thresh- 
old intensity  makes  it  insensitive  to  many  of  the  parameters.  Increasing  the 
number  of  pulses  by  a factor  of  10^  decreases  the  thresholds  by  only  a factor  of 
10.  On  the  other  hand,  if  the  effective  thermal  time  constant  is  decreased,  perhaps 
by  a factor  of  e>0,  using  either  adaptive  optics  or  a rotating  window,  the  three- 
photon  thermal-distortion  threshold  increases  by  a factor  of  only  2.8.  The 
threshold  for  a material  limited  by  two-photon  absorption  would  increase  by  a 
factor  of  7.8  under  these  conditions,  and  the  threshold  for  extrinsic  absorption 
would  increase  bv  a factor  of  bl). 
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VI.  NONLINEAR  REFRACTIVE  INDEX 


Optical  distortion  from  the  nonlinear  refractive  index  results  from  intensity 
dependence  of  die  contribution  of  bound  electrons  to  the  refractive  index.  In  con- 
trast to  optical  distortion  from  free  carriers  which  also  involves  an  intensity- 
dependent  refractive  index,  changes  in  the  refractive  index  due  to  the  nonlinear 
index  occur  instantaneously.  The  two  mechanisms  are  not  completely  independent. 
The  imaginary  part  of  the  nonlinear  susceptibility  is  responsible  for  intrinsic  multi- 
phonon absorption  which  may  give  rise  to  free  carriers.  Additionally,  at  frequen- 
cies near  half  the  band  gap  of  a material  where  two-photon  absorption  occurs,  a 
resonant  enhancement  of  the  nonlinear  index  is  expected.  The  value  of  the  two- 
photon  enhancement  is  estimated  to  be  approximately  three  in  LiF.  1 

The  change  in  the  refractive  index  is  generally  written  as 

6n  = n2  <E2)  , (6.1) 

where  n ^ is  the  nonlinear  refractive  index  and  ( E^  > is  the  rms  electric  field 
strength.  Using  I = cn  _ ( E^  ) / 4 n where  c is  the  velocity  of  light  and  n()  is  the 
linear  refractive  index,  the  change  in  the  optical  path  through  a material  of  thick- 
ness l is  typically  restricted  to  less  than  a fraction  of  a wavelength: 

4 7T  n„  I s 

A 4 C A /A  A 


where  y is  typically  an  integer  in  the  range  from  10  to  100.  For  a material 
thickness  of  1 cm,  the  intensity  threshold  for  distortion  is 
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Neglecting  the  enhancement  in  n.;  and  using  the  typical  low-frequency  value  of 

- 1 3 9 2 

n2  = 10  esu,  the  intensity  threshold  is  3.  1 x 10  W/cm  at  350  nm  wavelength 

with  y = 40  and  n =1.5. 
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VII.  ABSORBING  INCLUSIONS 


Localized  fracture  from  absorbing  inclusions  is  primarily  a single-pulse 
phenomenon  because  the  energy  absorbed  by,  the  inclusions  tends  to  reach  thermal 
equilibrium  between  pulses  in  repeated-pulse  systems.  The  most  troublesome  size 
and  type  of  inclusion  are  identified  in  the  following  analysis  for  inclusions  located 
in  the  bulk  material.  ' ^ For  inclusions  located  near  the  surface  or  near  defects, 
similar  most  troublesome  sizes  are  expected,  although  the  damage  thresholds  will 
be  lower  than  for  bulk  inclusions. 

For  wavelengths  and  pulse  durations  of  interest,  the  most-troublesome-size 
inclusion  has  a radius  given  by 

aeq  = (2Kfft/CI)1/2  , (7.1) 

where  is  the  therma  1 conductivity  of  the  host  material,  Cj  is  the  heat  capacity 
of  the  inclusion  material,  and  t is  the  pulse  duration.  Equation  (7.  1)  is  approxi- 
mately valid  for  both  absorbing  dielectric  and  metallic  inclusions  in  a transparent 
host  material.  This  most-troublesome-size  inclusion  is  the  largest  size  inclusion 
that  is  in  thermal  equilibrium  at  time  t,  i.c.,  heat  is  being  conducted  away  from 
the  inclusion  as  rapidly  as  it  is  absorbed.  Using  the  typical  values  = 10  ^ W/cm  K 


and  Cj  = 2J/cm'  K in  F!q.  (7.1)  yields 


a = 0.4 t 
eq 


where  units  of  a are  centimeters  for  t in  seconds.  Values  of  a ranee  from 
eq  cq  ^ 

0.  I U m to  4 /im  for  t ranging  from  1 ns  to  I jxs  . 


The  absorption  cross  sections  0^  for  metallic  and  dielectric  inclusions  in 
this  size  range  are  given  by  ffa2(l  - R)  and  4/3j  rra  V-5,  respectively,  where  R 
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is  the  metallic  reflectivity  and  is  the  absorption  coefficient  of  the  dielectric 
inclusion  material.  The  lowest  damage  thresholds  are  obtained  for  strongly 
absorbing  dielectric  inclusions  because  of  their  greater  absorption  cross  sections. 

The  temperature  at  the  center  of  a dielectric  inclusion  is  given  by 


3a  I 
ahs 

8 77  a K .. 


where  K ^ = ( 2 + Kj  * )/3  — Kj^.  Using  Eq.  (7.  1)  and  the  absorption 

cross  section  yields  the  temperature  of  the  most  troublesome  size  inclusion, 

T = (y3I /Cj ) It 

Assuming  that  failure  occurs  at  a temperature  rise  Tp  , the  energy  density  for 
failure  is 

1 F t = (Cl/Pl)  TF  . (1 


Using  'Ip  = 1000  K and  Cj  = 2J/cnt  K , a failure  energy  density  of  less  than 
2J/cm~  is  obtained  for  0^  greater  than  lO^cm  1 . Lower  failure  energy  densi- 
ties can  occur  for  more  strongly  absorbing  inclusions  or  for  inclusions  located 
near  the  surface  or  near  defects. 

This  analysis  indicates  that  absorbing  inclusions  are  potentially  troublesome 
at  the  energy  densities  of  interest.  I he  worst -case  damage  thresholds  calculated 
above  are  comparable  to  those  that  have  been  calculated  previously  for  infrared 
absorption  and  to  those  observed  experimentally  in  infrared  materials  containing 
such  inclusions.  However,  as  experience  with  high -power  infrared  materials  has 
demonstrated,  care  in  materials  preparation  can  eliminate  at  least  those  absorb- 
ing inclusions  in  the  most-troublesome-size  range. 
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VIII.  SUMMARY  OF  SINGLE -PULSE  THRESHOLDS 

Single-pulse  intensity  thresholds,  for  various  failure  mechanisms  calculated 
in  the  previous  sections,  are  presented  as  a function  of  pulse  duration  in  Fig.  14. 
The  curves  are  labeled  using  a scheme  where  the  first  two  characters  denote  the 
number  of  photons  involved  in  the  absorption  and  the  following  characters  denote  the 
failure  mode.  For  example,  2PF  COD  denotes  two-photon  free-carrier  optical 
distortion.  Two  of  the  curves  do  not  fit  this  scheme.  The  one  labeled  Inc.  denotes 
localized  fracture  from  absorbing  inclusions,  and  the  one  labeled  N LI  denotes 
distortion  from  the  nonlinear  refractive  index. 

Those  mechanisms  arising  from  extrinsic  absorption  are  presented  as  dashed 

curves.  In  calculating  the  thresholds,  an  extrinsic  absorption  coefficient  of 

-4  -1 

10  cm  was  used,  and  it  was  assumed  that  the  impurity  absorption  cross  section 

-18  2 

equaled  the  free-electron  absorption  cross  section  of  2.4  x 10  cm  . With  this 
cross  section  assumption,  the  extrinsic  thresholds  involving  thermal  mechamisms 
are  inversely  proportional  to  the  absorption  coefficient  and,  hence,  decrease 
accordingly  for  larger  absorption  coefficients.  At  the  same  value  of  die  absorption 
coefficient,  the  thresholds  will  decrease  if  the  impurity  absorption  cross  section 
is  less  than  the  free-electron  cross  section.  The  extrinsic  free-carrier  optical 
distortion  curve  assumes  that  there  are  sufficient  electrons  available  to  cause 
distortion.  This  may  not  be  valid  for  strongly  absorbing  impurities  which  may  not 
yield  enough  electrons  even  when  the  impurity  levels  are  completely  depleted.  A 
failure  energy  density  of  2 J/cnt^  has  been  used  for  localized  fracture  from  absorb- 
ing inclusions.  This  threshold  should  increase  with  material  improvement 
progra  ms. 
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The  threshold  curves  for  mechanisms  involving  intrinsic  two-photon  and  three- 

photon  absorption  are  drawn  as  solid  curves.  In  calculating  these  thresholds,  the 

8 2 112 

characteristic  intensities  = 1.7  x 10'  W/cm  and  I()^  = 3.7  x 10  W/crn  , 
where  the  absorption  coefficients  equal  1 cm  \ were  used  for  materials  limited 
by  two-photon  and  three-photon  absorption,  respectively. 

With  the  exception  of  the  threshold  for  the  nonlinear  refractive  index  which 
is  independent  of  the  pulse  duration,  all  the  intensity  thresholds  increase  with 
decreasing  pulse  durations.  The  extrinsic  intensity  thresholds  are  inversely  pro- 
portional to  the  pulse  duration  with  the  result  that  these  thresholds  occur  at  a 
constant  energy  density.  The  intrinsic  multiphoton  intensity  thresholds  increase 
as  a fractional  power  of  the  decreasing  pulse  duration.  Hence,  energy  density 
for  die  multiphoton  mechanisms  decreases  with  decreasing  pulse  durations. 

These  pulse  duration  dependences  result  in  extrinsic  absorption  being  relatively 
more  important  at  long  pulse  durations. 

Most  of  the  intrinsic  multiphoton  thresholds  have  a simple  power-law 

dependence  on  the  pulse  duration.  The  free-carrier  optical  distortion  thresholds 

are  proportional  to  t ^ anc]  t ^ for  two -photon  and  three-photon  absorption, 

respectively.  In  die  regions  where  the  heating  is  dominated  by  free-carrier 

absorption,  the  thermal  thresholds  are  proportional  to  t and  t for 

two-photon  and  dirce-photon  absorption,  respectively.  This  occurs  for  all  pulse 

durations  in  the  figure  for  three-photon  absorption  and  for  pulse  durations 

_ s 

greater  than  approximately  10  sec  for  two-photon  absorption.  At  pulse  dura- 
“8 

tions  less  than  10  sec,  the  two-photon  absorption  is  dominated  by  the  creation 

-1/2 

of  the  free  carriers,  and  the  thresholds  are  proportional  to  t . 


1 

t 


256 


Siv.  n-\  m 


li  should  lx'  cautioned  iluii  with  .1  single  pulse,  thermal  distortion  and 
thermal  fraeture  nun  not  oeeur  until  after  the  pulse  has  passed  through  the 
sample,  litis  is  because  the  absorbed  energy  that  went  into  creating  the  free 
carriers  is  not  converted  inti'  heat  until  after  the  free  carriers  recombine. 

1 veil  then  it  is  still  necessary  for  the  lattice  to  expand  for  the  refractive  index 
to  change  or  for  fracture  to  occur. 

The  intensity  thresholds  at  a pulse  duration  of  10  sec  are  summarized  in 
1 ig.  IS.  lhe  mechanism  having  the  lowest  intensity  threshold  is  localized  frac- 


ture from  absorbing  inclusions  at  the  threshold  value  of  2 x lO^W/cm^.  With 


care  in  materials  preparation,  this  extrinsic  threshold  may  be  able  to  be 


increased  to  10  W/cm“.  Materials  suffering  intrinsic  two -photon  absorption 


have  the  thresholds  of  2.2  x 10^W/cm^,  2.  9 x 10(lW/cm“  and  1 . 4 * 10^ W /cm" 
for  free-carrier  optical  distortion,  thermal  distortion,  and  thermal  fracture, 


respectively  . These  values  are  somewhat  insensitive  to  the  value  used  for  I() , 


1/2 


with  the  free-carrier  optical  distortion  threshold  being  proportional  to  I and 


with  the  thermal  thresholds  being  proportional  to  I 


1/3 


0 
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The  lowest  extrinsic  threshold  for  3 = 10  cm  is  the  free-carrier 


8 2 

optical  distortion  threshold  of  1.4  x Hi  W/cm  . This  value  is  greater  than  the 


intrinsic  two-photon  absorption  thresholds,  and  such  low  levels  of  impurity 
absorption  will  not  be  a limitation  for  single  pulses  in  two-photon  limited 


materials.  There  may  not  be  enough  electrons  available  to  cause  optical  dis- 


16 


tortion.  To  achieve  the  number  2.4x10  electrons  required  for  distortion. 


, -?  1 2 

the  impuritv  absorption  cross  section  must  be  less  than  4.2  < 10  cm  at 


3 = 10  cm  * 


25" 
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Single  pulse  thresholds 
10-6  second  pulse  duration 


Inclusions,  localized  fracture 


Two-photon  free-carrier  optical  distortion 


Two-photon  thermal  distortion 


Two-photon  thermal  fracture 


Extrinsic  (10  ^ cm  ^ ) free  carrier  optical  distortion 


Three  photon  thermal  distortion 


Three-photon  thermal  fracture 

Three  photon  free  carrier  optical  distortion 

Extrinsic  (10-^  cirT^)  thermal  distortion 


Nonlinear  index 
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For  a material  limited  by  intrinsic  three-photon  absorption  and  not  affected 
by  extrinsic  free-carrier  optical  distortion,  the  single-pulse  thresholds  for 
thermal  distortion,  thermal  fracture,  and  free-carrier  optical  distortion  arc 
4. 4 x l()X  W/cm^  , 1.4  x 10  W/cm^,  and  1.8  x 10^\V/cm"  , respectively. 

With  this  intrinsic  absorption  mechanism,  the  thermal  thresholds  occur  at  lower 
intensities  than  the  free-carrier  distortion  intensity,  as  opposed  to  two-photon 
and  extrinsic  absorption  which  occur  in  the  opposite  order.  This  arises  because 
of  die  intense  heating  of  the  free  carriers  that  occurs  at  die  high  intensities 
associated  with  three-photon  absorption. 

The  single-pulse  intensity  thresholds  for  thermal  distortion  and  thermal 

-4-1  9 2 

fracture  with  an  extrinsic  absorption  coefficient  of  10  cm  are  2 x 10  W/cm 
and  2 x 10^'  W/cm^  , respectively.  These  values  are  derived  assuming  equal 
impurity  and  free-carrier  absorption  cross  sections  and  will  increase  or  decrease, 
depending  on  the  actual  value  of  the  impurity  cross  section. 

The  nonlinear  refractive  index  yields  an  optical  distortion  threshold  of 
9 2 

3.  1 x 10  W/cm  . This  threshold  is  greater  than  other  previously  considered 

thresholds  at  a pulse  duration  of  10  6 sec.  At  shorter  pulse  durations  this 

intensity  threshold  remains  constant  and  becomes  relatively  more  important  in 

comparison  to  the  other  thresholds  which  increase  with  decreasing  pulse  dura- 

9 ? 

lions.  At  intensities  greater  than  10  W/cm“  . other  nonlinear  effects  that  have 
not  been  considered  explicitly  may  occur.  Such  effects  include  "optical  dis- 
tortion" from  frequency  doubling,  frequency  tripling  or  Raman  shifting  of  the 
frequency.  Since  Raman  scattering  is  an  inelastic  process,  enhanced- 
stimulated  Raman  scattering  can  result  in  intense  heating  with  the  associated 
thermal  effects. 


e 

) 
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IX.  SUMMARY  OF  REPEATED -PULSE  THRESHOLDS 


Pulse-intensity  thresholds  are  presented  as  a function  of  the  pulse  duration 

4 

in  Fig.  16  for  systems  having  6 x 10  pulses  within  the  thermal  time  constants 

3 

of  the  materials.  An  example  is  a laser  pulsed  at  10  Hz  for  a total  operating 
period  of  60  sec  incident  on  a 10  cm  diameter  window  whose  time  constant  for 
edge  cooling  is  125  sec.  The  average  intensity  is  the  single-pulse  intensity 

multiplied  by  the  pulse  duration  and  the  repetition  rate.  With  a repetition  rate 

3 ”6  -3 

of  10  Hz  and  a pulse  duration  of  10  sec,  the  average  intensity  is  10  times 

the  single-pulse  intensity. 

Certain  failure  mechanisms  attain  equilibrium  between  pulses  and  have  the 

same  intensity  threshold  values  for  single  or  repeated  pulses.  Such  mechanisms 

are  the  nonlinear  index,  absorbing  inclusions,  and  free-carrier  optical  distortion 

which  have  the  same  threshold  values  in  Figs.  14  and  16.  The  equilibrium 

assumption  is  well  satisfied  for  the  nonlinear  index  which  reaches  equilibrium  at 

optical  frequencies,  and  absorbing  inclusions  which  reach  equilibrium  at  times 

comparable  to  the  pulse  duration.  However,  with  free-carrier  optical  distortion, 

free  carriers  from  one  pulse  may  persist  until  the  next  pulse,  depending  on  the 

-2 

recombination  time  which  may  be  as  long  as  10  sec. 

For  operating  times  less  than  the  thermal  time  constant  of  the  material,  the 
heat  induced  by  the  individual  pulses  integrates,  and  the  thermal  distortion  and 
thermal  fracture  thresholds  arc  reduced  accordingly.  In  materials  limited  by 
two-photon  absorption,  the  dominant  heating  mechanism  >es  from  free-carrier 
absorption  to  the  two-photon  absorption  in  going  from  a single  pulse  to  repeated 
pulses.  Free-carrier  absorption  remains  the  dominant  heating  mechanism  with 
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three-photon  absorption.  The  relative  contribution  of  free  carriers  to  the  heat- 
ing in  extrinsic  materials  depends  on  the  impurity  absorption  cross  section. 

Generally  the  pulse  energy  density,  hence  the  average  intensity,  decreases 
with  decreasing  pulse  durations.  With  the  extrinsic  absorption  mechanisms 
shown  as  dashed  lines  in  the  figure,  the  pulse  energy  density  is  constant.  The 
intensity  thresholds  for  the  multiphoton  absorption  mechanisms  have  a fractional - 
power  dependence  on  the  pulse  duration,  and  the  energy  densities  decrease  faster 
than  the  dashed,  constant -energy  contours  in  the  figure. 

The  pulse -intensity  thresholds  for  a 10  ^ sec  pulse  duration  are  summarized 

in  Fig.  17.  The  lowest  threshold  is  the  two-photon  thermal  distortion  threshold 

4 2 2 

at  a pulse  intensity  of  2.4  x 10  W/cm  (average  intensity  of  I = 24  W/cm  ) . 

5 2 

Other  two-photon  absorption  thresholds  are  thermal  fracture  at  2.2  x 10  W/cm 

2 ()  2 
(Iav  = 220  W/cm  ) and  free-carrier  optical  distortion  at  2.2  x lO°W/crn  . At 

the  repetition  rate  used,  the  material  will  have  fractured  by  the  time  the  free- 

carrier  distortion  threshold  is  reached.  These  two  mechanisms  have  die  same 

•'  threshold  for  600  pulses. 

The  intrinsic -absorption  thresholds  are  larger  for  materials  limited  by 

a 

three-photon  absorption.  The  thresholds  for  thermal  distortion,  thermal  frac- 
ture, and  free-carrier  distortion  occur  at  the  closely-spaced  values  of 
2.8  x 107  W/cm2  (I  = 2.8  x 104  W/cm2) , 8.  9 x 107  W/cm2  ( I.  = 8.  9 \ 104  W/cm2  ) 

cl  V cl  V 

and  4.4  x 10^W/cm2  (I  =4.4x  10  W/cm2),  respectively. 

av  1 

A potentially  serious  difficulty  is  posed  by  the  low  thresholds  that  occur 
with  extrinsic  absorption.  With  an  extrinsic  absorption  coefficient  of  10  4 cm  ', 

■ 

the  thresholds  for  thermal  distortion  and  thermal  fracture  are  less  than  those 

f 7 
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i 

j 


' 


262 


See.  I)-IX 


Pulse  intensity  {W  cm^) 


I'ig.  1".  Summary  of  repeated -pulse  thresholds  for  lO’’1  sec  duration 
pulses  repeated  at  JO3  Hz  for  60  see.  The  average  intensities  arc  10’1 
times  the  pulse  intensities. 


See.  n-ix 


4 2 2 

for  three-photon  absorption  and  have  the  values  3.3x10  W/cm  (I  =33W/cm  ) 
and  3.3  * lO^W/cm"  (I  = 3.3  xlO'^W/cm^)  , respectively.  These  thresholds 
will  increase  or  decrease,  depending  on  the  relative  size  of  the  impurity  and 
free-carrier  absorption  thresholds.  In  order  for  the  extrinsic  thermal-distortion 
threshold  to  equal  the  three-photon  thermal-distortion  threshold,  the  extrinsic 
absorption  coefficient  must  be  reduced  to  1.2  x 10  ^cm  ' with  the  present 
repetition  rate.  This  is  a very  small  value  that  may  not  be  achievable. 

Changing  the  repetition  rate,  hence  the  number  of  pulses,  will  change  the 
thermally  induced  thresholds  and  the  relative  importance  of  the  thresholds  be- 
cause the  thresholds  from  the  various  absorption  mechanisms  have  different 
dependences  on  the  number  of  pulses  q . With  extrinsic  absorption,  the  thermal- 
distortion  and  thermal -fracture  pulse-intensity  thresholds  are  proportional  to 
q * . With  intrinsic  multiphonon  absorption,  these  thresholds  are  proportional 
to  q f//“  and  q * ^ for  two -photon  and  three -photon,  respectively.  The  lesser 
sensitivity  of  the  multiphonon  mechanisms  on  q arises  from  the  nonlinear 
dependence  of  the  temperature  on  the  intensitv  in  these  mechanisms,  with  small 
changes  in  I producing  large  changes  in  T.  With  decreasing  repetition  rates, 
the  multiphonon  mechanisms  become  more  important  than  the  extrinsic  mecha- 

nism.  The  pulse-intensitv  thresholds  for  thermal  distortion  from  extrinsic 

-4  - 1 

absorption  ( 10  cm  ) and  from  three-photon  absorption  are  equal  at  q = 71  , 


Siv.  n-i\ 

1 hi'  otloc!i\o  number  ol  pulses  can  be  clunked  by  reducing  the  effective 
thermal  time  constant  to  a value  less  than  the  total  operating  time  of  the  laser 
with  the  use  of  adaptive  optics  or  using  rotating  windows.  If  the  effective  thermal 
time  constant  is  reduced  to  1 sec  fora  laser  pulsed  at  10'  llz  for  60  sec,  the 
offer-live  number  of  pulses  is  reduced  from  6X  10^  to  10*.  Using  the  above 
dependences  on  q,  the  extrinsic  pulsc-intcnsiU  threshold  for  thermal  distortion 
is  increased  by  a factor  of  60.  This  threshold  is  increased  by  the  lesser  factors 
ot  7.  s and  2.S  for  two-photon  and  three -photon  absorption,  respectively.  Over 
the  60  sec  operating  period,  the  average  intensities  are  increased  by  the  same 
factors.  It  the  thermal  time  constant  is  decreased  by  using  a rotating  window, 
the  thermal-fracture  thresholds  will  increase  by  the  same  factors.  In  the  case 
where  the  thermal  distortion  is  compensated  by  adaptive  optics,  thermal  fracture 
mat  become  the  limiting  failure  mechanism.  Fracture  will  not  occur  with  the 
factor  of  60  decrease  in  the  effective  operating  period  for  thermal  distortion  in 
the  example,  since  the  resulting  factor  of  60  temperature  increase  is  less  than 
the  ratio  of  the  thermal -fracture  temperature  to  the  thermal -distortion 
temperature. 
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E.  LASER-INDUCED  ELECTRON  AVALANCHES  IN 
INSULATING  SOLIDS 


T.  D.  Holstein 
Department  of  Physics 
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and 

Xonics,  Incorpo rated 
Santa  Monica,  California  90401 


In  this  first  phase  of  investigation  of  electron-avalanche  breakdown,  the 
classical  transport  equation  to  be  used  is  derived  from  the  Boltzmann  equation. 

A quasi-isotropy  approximation  and  the  Fokker-Planck  expansion  arc  used,  and 
a current  density,  a conductivity  tensor,  and  relaxation  rates  are  introduced. 
The  transport  equation  is  used  to  derive  an  expression  for  the  average  electron- 
multiplication  rate  8 . The  electron -phonon  interaction  parameters  appearing 
in  fi  are  evaluated.  Applications  to  specific  cases  of  interest  will  be  included 
in  a future  report. 


See.  F.-I 


I.  INTRODUCTION 

The  preliminary  theory  of  electron-avalanche  breakdown  presented  in  the 
Fifth  Technical  Report  (30  June  1975)  explained  experimental  results  satisfac- 
torily for  the  first  time.  However,  additional  work  is  needed  to  determine  the 
validity  of  the  theory.  The  results  below  represent  the  results  to  date  on  this 
investigation  in  which  the  electron-avalanche  process  is  considered  from  first 
principles.  The  previous  technical  report  contained  preliminary  results  for 
the  transport  operation. 

In  the  present  report  we  describe  a theoretical  approach  to  tlu  computation 
of  laser- induced  electron  multiplication  insulating  solids  with  special  references 
to  alkali-halide  crystals.  Both  the  physical  contents  and  the  mathematical  struc- 
ture correspond  to  those  contained  in  treatments^  of  the  analogous  problem  in 
gases.  As  in  that  case,  the  basic  mechanism  of  multiplication  is  the  non- 
radiative  excitation  of  electrons  from  their  ground  states  to  a conducting  state. 

In  gases  this  amounts  to  ionization  of  individual  atoms  (or  molecules);  in 
insulating  solids,  the  analogue  is  excitation  of  electrons  from  the  (filled)  valence 
band  to  the  (empty)  conduction  band.  In  either  case,  the  process  requires  a 
minimum  energy  (ionization  energy  or  band-gap  energy);  this  energy  is  supplied 
by  the  laser  beam  via  various  electronic  processes.  Two  general  mechanisms 
exist.  (1)  The  free  electrons  gain  energy  from  the  combined  action  of  the  laser 
field  and  collisions,  that  is,  by  the  inverse  Brehmsstrahlung  process.  Under 
steady-state  conditions,  there  exists  a characteristic  energy  distribution  for 
the  electrons.  In  particular,  that  fraction  of  electrons  whose  energy  exceeds 


the  above  mentioned  threshold  gives  rise  to  "ionizing"  collisions  (i.e. , 
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collisions  which  produce  electrons  in  the  conduction  band).  This  is  the  prevailing 
mechanism  at  sufficiently  low  laser  irradiance.  As  will  be  discussed  below  the 
major  inhibiting  factor  for  this  mechanism  is  the  circumstance  that,  on  their 
upward  climb  towards  the  ionization  threshold,  the  free  electrons  have  to  trans- 
verse the  "exciton  barrier"  (i.e. , the  energy  region  above  the  threshold  for 
cxciton  formation).  The  occurrence  of  exciton-forming  collisions,  analogous  to 
excitation  collisions  in  gases,  entails  a severe  energy  loss  by  the  impacting 
electrons,  in  contrast  to  the  relatively  small  energy  loss  associated  with  electron- 
phonon  collisions  in  the  energy  region  below  the  cxciton  threshold.  Thus  most 
of  the  laser  energy  fed  to  the  electrons  ends  up  in  the  creation  of  excitions, 
rather  than  in  electron  multiplication.  (2)  When  the  applied  laser  field  is  suf- 
ficiently strong,  the  possibility  of  cxciton  photoionization  in  one  or  two-photon 
absorption  becomes  significant,  hi  the  case  of  the  above  cited  treatment  of  the 
laser-produced  ionization  of  gases \ it  was  found  that,  under  experimental 
conditions,  the  photoionization  of  excited  atoms  is  so  efficient  that  it  could  be 
assumed  that  every  excited  atom  is  ionized  essentially  instantaneously.  The 
ionization  rate  is  then  essentially  equal  to  the  average  rate  of  excitation 
collisions  per  electron. 

In  the  present  work,  we  shall  begin  by  making  an  analogous  assumption  for 
insulating  solids.  Namely,  we  assume  that  every  exciton  will  be  photo-ionized 
instantaneously.  Witli  this  simplification,  the  treatment  will  focus  on  the  inverse- 
Brehmsstrahlung  mechanisms  present  in  a typical  insulator,  in  particular,  how 
they  determine  a steady-state  energy  distribution.  Subsequently,  we  shall 
investigate  the  validity  of  this  assumption.  This  investigation  will  involvi  t 


26>> 
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Interesting  question  of  the  electronic  states  of  the  exciton,  which,  in  the  case  of 

2 

alkali  halides,  is  self-trapped  . 

The  core  of  the  present  treatment  is  a transport  equation  for  the  electron 
energy  distribution  function.  In  its  classical  form,  valid  when  the  laser  frequency 
is  sufficiently  small,  it  may  be  derived  from  the  nonlinear  Boltzmann  equation. 
This  derivation  is  presented  in  Appendix  A. 

When  the  external  frequency  is  sufficiently  high-in  practice,  when  the 
quantum  of  electron  energy  is  comparable  to  the  domain  in  which  the  electron 
energy  distribution  is  found  (usually  aposteriori)  to  undergo  appreciable  relative 
variation  - a derivation  taking  explicit  account  of  the  quantal  character  of  the 
interaction  of  electrons  with  the  external  electromagnetic  field  is  required.  This 
derivation  will  be  included  in  a subsequent  report.  As  may  be  expected,  the 
resulting  equation  reduces  to  its  classical  counterpart  in  the  limit  of  sufficiently 
small  external  frequency. 

Armed  with  our  transport  equation  for  the  energy  distribution  function,  we 
proceed  (in  Secs.  II  and  III)  to  an  analysis  of  the  steady-state  solution,  having  in 
mind  the  ultimate  goal  of  obtaining  the  electron  multiplication  rate  as  a function 
of  the  magnitude  and  frequency  of  the  external  field  and  of  the  cross  sections, 
in  particular  for  the  alkali-halide  crystals.  It  should  here  be  mentioned  that,  in 
order  to  render  the  problem  tractable,  it  will  be  necessary  to  introduce  simpli- 
fying model -type  assumptions  concerning  these  cross  sections.  Such  a procedure 
is,  in  fact,  all  the  more  appropriate  in  view  of  the  lack  of  even  semi -quantitative 
information  on  said  cross  sections  in  an  energy  domain  from  one  to  ten  electron 
volts,  which  is  far  in  excess  of  conventional  electron-transport  phenomena  in 
insulating  solids. 


270 
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We  are  now  in  a position  to  apply  our  results  to  specific  practical  cases  of 
interest  and  to  compare  the  results  with  our  previous  estimates.  This  will  he 
carried  out  and  the  results  included  in  future  reports. 
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See.  K- II 


II.  AVERAGE  MULTIPLICATION  RATE  /3 


In  this  section  an  expression  is  derived  for  the  average  multiplication  rate  /3. 
As  stated  in  the  Introduction,  the  basis  of  the  treatment  is  a transport  equation 
for  the  electron-energy  distribution  function  f(E).  In  Appendix  A,  a derivation 
of  the  classical  form  of  this  equation  is  given;  the  result  (cf.  (A  20))  is 


5f(E)  _0  9 D /B  , 3f  9 

A ^17  (E,  UJ)  + -.T-, 


9t  6 9ERea^E’^  9E  + 9E  N*E)  t(E)  f^E^  ’ 


In  this  equation  , 

N(E)  = £ 6(E-  E ) (2.1) 

k K 

is  the  density  of  states  at  an  energy  E,  the  amplitude  of  the  external  field 
(£  = Pq  costot),  1/t(E)  is  the  total  collision  rate  due  to  electron -phonon 
interaction,  and  A(E)  is  the  average  energy  loss  per  collision  (cf.  (A  13)). 

The  remaining  undefined  quantity,  <y  ( E,  co),  is  the  "monoenergetic"  conductivity 
given  by  (cf.  (A  19)  and  (A  16b)) 


a(E,w)  = E 6(E-Ek)  ez  vk  0k(<o)/3 


with  0k  the  solution  of  the  "monoenergetic"  vector-transport  equation 


~k  = iw5!k  + £(^k’  ~£y)  JS'  > 6<Ek  ' Ek'> 


(where  co(k , k'  ) 6(Ek  * Ek,  ) is  the  elastic  approximation  to  the  transition  rate 
between  states  k and  k' ). 

An  explicit  formula  for  cr(  E , co)  reads  (cf.  (A  23b)) 
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O (E  , u:) 


N(K)  c2  v2  (K)  t.(E)/3 
I * i a'  T (E) 


(2.5) 


where  v“(E)  is  an  average  of  v£  over  the  constant-energy  surface,  E=  Ek  , 
and  1 / T .(E),  the  "transport"  relaxation  rate,  is  given  by  (cf.  (A  25)) 


TIE)  = N(E)  & 5(E-Elc)6(Ek-Ek,)to(k,kJ)(l-v]{.  v^/v,).  (2.6) 


Although  approximate,  (2.5)  turns  out  to  be  quite  useful,  since  (a)  in  the  limit 
ce t (E)»  1 it  can  easily  be  shown  ro  coincide  with  the  perturbative  solution  of 
(2.4)  in  powers  of  1/co  T (E)  , and  (b)  at  co  = 0,  it  yields  a lower  bound  to  the 
correct  ct(E,  co)  in  the  sense  of  the  variational  approach  to  d.c.  transport 
theory.  As  is  known,  this  approach  is  powerful  and  accurate.  The  energy-transport 
equation,  obtained  by  substituting  (2.5)  into  (2. 1),  namely. 


2 2 


v/p,  df  (E)  IQ  JL  V ^;Tr 

ME)  IT  - 6 1 + a,2T2 


N(E)c  v (E)t(E)  3f 

^E 


) + Ie(n<e)  tIB  f<E>) 


(2.7) 


will  therefore  be  used  exclusively  in  what  follows. 


3 


We  hasten  to  remark  here  that  Eqs.  (2. 1)  and  (2.7)  are  not  complete  in  that 
they  do  not  take  account  of  electron  collisions  involving  the  creation  of  (a)  exci- 
tons  or  (b)  electron-hole  pairs.  As  pointed  out  in  the  Introduction,  the  role  played 
by  the  first  category  depends  crucially  upon  the  magnitude  of  the  contribution  of 
multiphoton  ionization  of  the  resultant  excitons,  as  compared  with  that  of  the 
direct  process,  (b).  In  this  paper,  we  are  provisionally  assuming  that  the 
exciton-photoionization  mechanism  contributes  dominantly  to  electron-hole 
formation,  and  hence  to  avalanching.  As  will  be  seen,  this  physical  situation 
permits  a drastic  simplification  of  the  analysis. 
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V 


h 

!l 


Initially,  however,  let  us  introduce  the  above-mentioned  collision  processes 
into  our  theory  in  at  least  a formal  sense.  The  derivation  of  the  appropriate  terms 
is  given  in  Appendix  B.  The  results  (B  1,  4)  are,  respectively. 


(M\  -Y* 

N(E+  Eh)  f(E+  Eh)  N(E)  f(E) 

Ut/ 

'ex  h 

Th<E+Eh>  VE> 

(2.8) 


and 


N(E) 


N(E+  Eg+  E’) 

T.  (E+Eg+E',  E') 
ion ' B ' 


1 N(E)f(E) 

2 t.  (E,  E') 

ion ' ' . 


dE'  , 


(2.9) 


where  the  subscript  "h"  indexes  exciton  levels,  and  where  (cf.  B 3)  dE'/r.on(E,  E’) 
is  the  probability  per  unit  time  for  an  electron  of  energy  E to  undergo  an  ionizing 
collision  such  that  one  of  the  resulting  two  electrons  has  energy  between  E'  and 
E'  + dE'. 

We  here  note  that,  for  the  case  where  exciton-photoionization  plays  no  role, 

Eqs.  (2. 1),  (2.8),  and  (2.9)  contain  essentially  all  the  physics  of  the  electron- 
avalanche  phenomenon.  In  the  case  that  exciton  photoionization  is  significant, 
an  additional  piece  of  physical  information  is  required,  namely,  the  photoioni- 
zation  efficiency  per  exciton,  t)ex  . In  what  follows,  we  provisionally  confine 
the  discussion  to  this  latter  case. 

For  this  purpose  we  "invent"  a population -type  term  w’hich  describes  the 
effect  on  the  distribution  function,  f(E,t),  of  the  production  of  photo-electrons 
(via  exciton  photoionization).  Specifically,  we  replace  (2.9)  by  a term  of  the 
form 

(| IP  = D(E,  \f\)  , (2.10) 

'ion 
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where  D(E;|f|)  is  a linear  functional  of  the  distribution,  f(E).  It  must  satisfy 
the  equation 


/ W E; | f | ) dE  = %x  E/  ^’(eF  dE  • 


(2.11) 


which  states  that  the  rate  of  production  of  additional  electrons  is  equal  to  the  rate 
of  exciton  formation,  multiplied  by  the  exciton-photoionization  efficiency. 

In  this  paper,  we  are  interested  in  the  steady-state  solution  of  (2. 1)  (augmented, 

of  course,  by  (2.8)  and  (2. 10))  for  the  case  of  time -independent  amplitude,  8^  , of 

impressed  laser  field.  (This  condition  is  an  idealization,  since,  in  practice,  one  is 

interested  in  avalanching  caused  by  pulsed  fields.  However,  as  will  become 

evident  later,  the  readjustment  time  scale  for  the  electron  distribution  is  much 

4 

smaller  than  the  pulse  width. ) As  in  the  analogous  problem  in  gases  , we  assume 

Rt 

that  the  time  dependence  of  the  distribution  function  is  of  the  form,  i • The 
transport  equation  then  reads: 

?2q  d /N(E)e2  v2(E)rr(E)  af\  d / A(E)  v 

0N(E)f(E)  - 6 dE  ^ j +C02  T2  (E)  SE)+  dE  'N(E)  T(E)  +(E)' 


N(E+Eh)f(E+  Eh)  N(E)  f(E) 


Th(E+Eh) 


VE> 


+ D(E  ; | f(E)( . (2.12) 


The  quantity  of  ultimate  interest  is  the  average  multiplication  rate,  0.  From 
the  standpoint  of  Eq.  (2. 12),  it  is  obtained  as  the  solution  of  an  eigenvalue  problem. 
It  turns  out  that  this  formulation  is  of  limite^utility  since,  in  practice,  the  |3- 
proportional  term  is  much  smaller  than  the  individual  terms  on  the  right-hand 
side  of  (2.  12).  A more  useful  approach  is  to  express  0 in  the  form 
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j 


t 


il 


! 


/ D (E  ; | f (E)  | ) dE  / N(E)  f (E)(  £ 1/t,  (E) ) dE 

0 0 h n 


/ N(E)f(E)dE  y*  N(E)  f (E)  dE 

0 0 


(2. 13) 


(obtained  by  integrating  (2. 10)  over  all  energies).  The  problem  is  then  reduced 
to  calculating  f(E).  It  will  be  found  that  a solution  of  sufficient  accuracy  is 
obtainable  even  under  the  extreme  condition  in  which  the  /3-proportional  term 
of  (2. 12)  is  neglected  entirely. 

Let  us  now  outline  a "zeroth -order”  procedure  for  solving  (2. 12)  for  f(E) 
and  determining  /3  via  (2.13).  We  divide  the  total  energy  interval  into  two  parts, 
namely,  energies  above  and  below  the  exciton  threshold,  Eex  = Ej  . For  ener- 
gies above  Ej  we  take  advantage  of  the  aposteriori  result  that  f(E)  will  be 
found  to  be  a rapidly  falling  function  of  E,  and  that  the  energies  of  photoelcctrons 
produced  by  exciton-photoionization  will  have  energies  well  below  E^  (~  7 cV  in 
NaCl ),  to  neglect  the  population  terms  on  the  right-hand  side  of  (2.  12).  Said 
equation  is  thereby  reduced  to  an  ordinary  second-order  differential  equation, 
the  explicit  solution  of  which,  f (E),  depends  upon  the  detailed  energy  vari- 
ation of  the  collision  rates.  At  this  point  we  shall  not  seek  an  explicit  solution 
but  merely  take  note  of  the  fact  that,  to  within  an  arbitrary  (normalization)  constant, 
it  is  uniquely  determined  by  the  boundary  condition  at  infinity,  f(E  -»  ™) -»  0;  the 
continuity  of  its  logarithmic  derivative,  | d log  f^  (E)/dE  jg  , serves  as  a 

boundary  condition  for  the  solution  in  the  region  E < E}  . 


For  energies  below  Ej  , we  write  (2. 12)  as 

2 2 2 
i vi/nv  . .**  . 


d (Z-n  C N(E)  v (E)t(E)  an  . ArF, 

m F:> ,(F> - dgl-V  - 2 2,r  51  • m (N<F-> < 'E>)=^<E> • 

1 + 00  T (E) 


(2.  14) 
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N(E  + E.)  f>(E+  E ) 

where  ^(E)  = £ T ( E + E ) ~ + D ( E ; j f ^ ( E)  f ) . 


(2.  15) 


(Note  that  <^(E)  is  determined  by  f>(E)  , i.e. , by  the  solution  in  the  upper  energy 
region,  E > E j . ) 

At  this  point,  we  introduce  the  approximation  of  dropping  the  /3 -proportional 
term  of  (2.  14).  The  error  thereby  incurred  will  be  small  provided  that  fi  is 
sufficiently  small  compared  to  the  rates  associated  with  the  retained  terms.  (In 
any  event,  the  approximation  may  be  checked  by  an  iterative  perturbation  calcu- 
lation.) One  may  then  carry  out  a first  integration  to  obtain 


gp  e2  N(E)V2(E)  rr(E)  af 


~6 — Ve  ' N(E)  Till  f(E>  = S<E> 

l + uTTr(E)  011  T(b) 


(2.  16) 


where  S(E) 


rE 

/ (E1 

•'( ) 


) dE’ 


(2.  17) 


We  may,  at  least  formally,  carry  out  another  integration  by  treating  S(E) 
as  an  explicit  source  term.  We  introduce  the  notations 


f N(E)  V2(E)  t(E) 

c(E)  - -V1  2-7-"— 

1 + or  TrZ  (E) 


11(E)  = N (E)  A(E)/t(E)  . 

Equation  (2.  17)  may  then  be  written  as 

-C,(E)  -|^  - H(E)  f = S(E)  f 


(2.  18a) 


(2. 18b) 


(2.  19) 
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the  general  solution  of  which  is 


f (E)  = e 


P C(E’) 


e^^  ^ dE*  + const 


The  integration  constant  of  (2.20)  is  determined  by  the  requirement  of  continuity 
of  logarithmic  derivatives  at  E = Ej  . This  yields,  finally, 


f(E)  = e 


ei(E’)  dE,  + S(Ei)e 
G(E’)  G (E  j) 


! L>  | - dJ/dE, 


where  cognizance  has  been  taken  of  the  fact  that  L>  is  intrinsically  negative. 

Focusing  now  on  the  evaluation  of  /3  , we  note  that  the  integral  in  the 
numerator  of  (2.  13)  may  be  transformed  by  integration  of  (2.  12)  over  the  domain 
E > Ej  . As  pointed  out  above,  in  this  energy  domain  <£"(E)  (as  given  by  (2.  15)) 
may  be  ignored.  Dropping  the  /?  - proportional  term  as  well,  we  have  as  a suit- 
able approximation  to  (2.  12)  in  the  region  E > Ej  , 


[c(E)  + H (E)  f (E)  ] - £ 


which,  when  substituted  into  the  numerator  of  (2.  13),  yields 


G(Ej)  + ll(Ej)  f(Ej) 


d E , 


N (E)  f(E)  d E 


(2.22) 
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the  last  equality  holding  by  virtue  of  (2.  19).  The  determination  of  the  electron- 
multiplication  rate  /?  is  thus  reduced  to  the  evaluation  of  (2.21)  and  (2.22). 

We  now  introduce  an  additional  approximation  which  is  based  on  the 
aposteriori -justified  inequalities. 


■■>  -i: 


2m  dE  » i 

G (E)  > 1 


E1  H(Et> 

E1J  (EP  G (E j)  ^ 1 


i.e. , on  the  assumption,  to  be  justified  later,  that  f(E)  is  a rapidly  falling  func- 
tion of  energy.  Under  these  circumstances,  the  integral  in  the  square  bracket 
of  (2.21)  may  be  evaluated,  viz: 


r 

j p 


1111)  CJ(E')  a _J_  / j ( E J ) . [(E)  I 

G(E  ) e G(E j)  J’  (Ej)  \ c e / 


S(E,) 


H(Ej) 


K-  M(Ei>  - „J(E) 


Then,  for  values  of  E not  too  close  to  E,  , (2.21)  may  be  written  as 


-1(F)  eJ(El>S<El> 

f (E)  5-  e J ' ; — 

{ ’ H(Ej) 


| / J’(E) 


We  may  remark  that,  due  to  the  extreme  inelasticity  of  exciton-producing 
collisions,  which  dominate  the  energy-loss  processes  in  the  region  E > Ej  , it 


turns  out  that 


See.  E-Il 


I L>  | » J*  (E^ 


H(E]) 


(2.25) 


so  that  the  second  term  of  the  square  bracket  of  (2.24)  is  generally  negligible. 

(A  similar  situation  holds  for  electron  energy  distribution  in  gases.)  This  means 
that,  in  effect,  the  energy  distribution  is  cut  off  at  the  exciton  threshold. 

Inserting  (2.24)  into  (2.22),  we  have 

^ex  H(E1}  e'J(El> 

^ f°°  N(E)  e'J(E)dE 

Jo 

where  the  square  bracket  of  (2.24)  has  been  replaced  by  unity  (in  accordance 
with  the  preceding  remarks).  Introducing  Eqs.  (2. 18a,  b),  we  have  explicitly 


E 1/2  A(Ea) 

& ~ t(E1)  ^ex 


exp 


6 

E1  ( 1 + u;2  t 2 (E) ) A(E) 

/ L g 

2,2 
e 6o  • 

/n  T(E)  V2(E)  Tr(E) 

/ 


0l/2 

E exp 


2p 
e fc 


£ [l+W2T2(E’)]  A(E')  d E' 

2 Jn  T <E')  T(E')  V2(E') 


(2.26) 


dE 


where  it  has  been  assumed  that  N(E)  ® E 


1/2 


This  equation  (2.26)  is  the  central  result  for  the  average  multiplication 
rate  0.  Further  progress  in  the  evaluation  of  0 requires  specific  knowledge  of 
the  collisional  functions  l/Tr(E)  and  A(E)/r(E).  The  evaluation  of  these 
parameters  for  NaCl  is  the  subject  matter  of  Section  III. 
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As  is  known,  for  low  energy  electrons  (~kT),  the  Coulombic  interaction  with 
tlie  polar  optical  modes  constitutes  the  dominant  mechanism  for  electron  scattering. 
However,  at  the  higher  energies  of  interest  to  us,  it  is  necessary  to  consider  non- 
Coulomliic  interactions,  regardless  of  whether  the  interaction  is  with  an  optical  or 
acoustical  branch.  In  what  follows,  we  compute  ordcr-of-magnitude  expressions 
for  the  non-Coulombie  contribution  to  the  transport  and  energy  relaxation  times, 
r (E)  and  r(E).  The  corresponding  expressions  for  polar  scattering  will  be 
developed  subsequently. 

We  start  from  an  elementary  expression  for  the  electron -phonon  scattering 
rate.  The  probability  P^(k  -*  k ' ) for  an  electron  making  a transition  from 
k to  k'  , thereby  absorbing  (emitting)  a phonon  of  wave  vector  q is  given  by 
the  usual  golden- rule  expression 


f?’  <i  -*  i'>  - ^ I “kk- 1 (imfit)  6 s 1 r s 6<x  - A 1 * “q  > 


In  this  expression,  K = k'  - k is  the  electron -scattering  vector,  g a recip- 
rocal-lattice vector,  and  Mj.  . is  the  matrix  element  for  electron -phonon 

interaction  per  unit  displacement-amplitude  of  the  vibration  mode  of  wave  vector 

» 

q , a particular  polarization  direction  left  unspecified  here,  frequency  a)  , and 
~ Q 

phonon  population  N . We  remark  that  the  displacement-amplitude  parameter, 

( j is>  strictly  speaking,  appropriate  to  monatomic  lattice;  however,  we 
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employ  it  with  the  proviso  that  it  can  always  be  modified  later  to  take  account  of 
the  mass  difference  of  the  component  ions  of  an  alkali-halide  crystal. 

For  the  electron-phonon  matrix  element  we  use  the  simplest  possible  theory, 
namely,  the  free-electron  diffraction  theory  described  in  Ziman's  elementary 
book"*.  This  type  of  theory  yields  for  M^,  the  expression 


= -iVa(K)(K.eq)  (3.2) 

where  (with  n^  = atomic  density) 

V (K)  = n fe”1  ~ U (r)  d3r  (3.3) 

a a * a~  ~ 

is  a Fourier  coefficient  of  the  potential,  U (r),  associated  with  a single  atomic 

Q. 

site-in,  e.g. , NaCl,  this  is  either  Na+  or  Cl  . Finally,  in  (3.2),  ^ is  the 
unit  polarization  vector  of  the  involved  lattice-vibration  mode. 

We  note  that  (3.  1)  assumes  the  validity  of  the  Born  approximation.  In  this 
approximation,  one  may  relate  V (K)  to  the  differential  atomic-scattering  cross 
section  via  the  well-known  expression  (cf.  Ziman,  loc.  cit.  , eq.  (6.89)) 


"a<K>  -rfeH  lVa<K>l 


(3.4) 


2 7Tfi"  n 


Substituting  (3.2)  and  (3.  4)  into  (3.  1),  we  obtain 

P(±)(k  -»  k')  = <x  (K)(K- e fljrrr, — )(n  +4+t) 

q v~  ~ fi  \ m / k av  ~q7  \2  MNo:  / \ q 2^2/ 


a.  6 ( E,  - E.  , ± tuo  ) . 
K,  g ± q k k q' 


(3.5) 
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The  quantity,  \k-»k’),  describes  the  transition  rate  to  a specific  final 
state,  k'.  This  has  to  be  summed  over  all  the  k’s  contained  in  a differential 
range  of  energy,  dE  , and  solid  angle,  dQj^,  , in  Ic-space.  We  have,  using  the 
rec ipe 


E (->  = 


k' 


v 9 v m2  vk2 

— k’2  dk'  (— ) = 


8 77 


3 


8 7T  fl 

2 

j) 

2 nf) 


b V, 


dfikk'(-) 


= £ Vk'  2rr  ( ™ 2)  dtV  (— > 


(3.6) 


and  integrating  over  the  final  energy,  the  result 


P(±)(k,*kk.)dnkk.=  navk.ica(K)(K. 


e ) 

~q 


Ud( 


N 


+ I 


(3.7) 


This  equation  gives  the  differential  scattering  rate  into  an  element  of  solid  angle 
d'^kk’  ’ tde  scatteri"S  arig^c  being  denoted  as  , . 

So  far,  all  the  obtained  results  rely  on  the  Born  approximation.  We  now 
present  a hand-waving  argument  for  the  utility  of  (3.5)  and  (3.7)  beyond  the  range 
of  validity  of  the  Born  approximation.  The  argument  goes  as  follows: 

Suppose  we  augment  the  Born  amplitude  with  terms  arising  from  repeated 
interaction  of  an  electron  with  a given  scattering  center.  The  overall  scatter- 
ing amplitude  is  then  given  by  a perturbation-like  expression,  where,  however, 
the  matrix  element,  ( I ua  (£ ) | k > , is  replaced  by  the  corresponding  t 
matrix,  t ( k ’ , k)  (which  expresses  the  amplitude  for  repeated  interaction  of  an 
electron  with  the  atomic  potential,  U ( r),  of  a given  site).  When  account  is 

3 ^ 
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taken  of  the  displacements  of  the  scattering  centers  associated  with  a given 
vibration  mode,  one  obtains  the  same  structure  factor  as  in  the  Born  calculation. 


Mlc'k  = - itaQS’’£><£-£q> 


in  analogy  with  (3.2).  However,  the  same  t matrix  also  determines  the  atomic 
scattering  cross  section,  according  to  the  formula 


%<*'•£> - T[fh)2  i l 'a <*'•£> 


in  similar  analogy  with  (3. 4).  Elimination  of  the  t matrix  then  yields  (3. 5)  and, 
hence,  (3.7). 

The  deception  in  this  argument,  of  course,  is  the  neglect  of  those  intermediate 
interactions  which  involve  the  atomic  fields  of  the  neighboring  atoms.  As  is  known, 
the  inclusion  of  this  wider  class  of  processes  would  lead  to  the  situation  in  which, 
if  we  still  wish  to  formulate  a single-site  t -matrix  theory,  we  would  have  to  con- 
sider the  incoming  and  outgoing  waves  as  Bloch-type,  rather  than  plane  waves.  It 
then  follows  that  the  obtained  t matrix  would  not  be  identifiable  with  a bonafide 
atomic -type  t matrix;  in  this  eventuality,  we  would  not  be  able  to  use  experimen- 
tal atomic  cross  sections  to  determine  electron-phonon  scattering  rates  from 
known  atomic  cross  sections. 


At  this  stage  of  our  work,  we  are  principally  interested  in  order-of- magnitude 
estimates,  with  the  view  towards  determining  qualitative  features,  such  as  the 
magnitude  of  got  relative  to  unity.  Since  most  of  the  scattering  will  involve 
transitions  between  electron  states  k and  k'  which  are  not  too  close  to  zone 
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boundaries,  we  simply  assume  that  the  Bloch  functions  in  question  can  be 
approximated  by  their  plane-wave  counterparts.  If  this  is  done,  we  are  led  to 
(3.  5)  and  hence  (3.  7). 

Expressions  for  the  transport  and  energy-loss  mean  free  times,  Tr(E)  and 
t(E),  which  occur  in  the  theory  of  Sec.  II,  will  now  be  obtained.  We  note  that 
1/t(E)  is  the  total  scattering  rate,  with  the  quantity  A(E)  of  (2.  1)  playing  the 
role  of  the  average  energy  loss  per  collision.  Since  in  our  problem  most  of  the 
scattering  involves  essentially  all  the  phonon  modes  (whose  frequencies  are  con- 
centrated principally  in  the  vicinity  of  the  Debye  frequency,  6Cp),  we  take 

AE  ~ -hu:D/(2ND+  1)  (3.10) 

(the  second  factor  of  (3. 10)  arising  from  the  circumstance  that  only  the  difference 
between  the  scattering  rates  for  phonon  emission  and  absorption  contributes  to 
the  inelasticity).  Assuming  that  a (K)  is  isotropic  — this  assumption  is  quali- 
tatively  acceptable  for  the  case  of  non-polar  scattering  — we  have,  with 
K2  - 2 k2(l  - cos  ), 

= "a  \ Qa<E>  “2  (llSy  <2  ^ + » <3'  “> 

/ HcOpj/kT  v-1 

where  Qfl(E)  is  the  total  atomic  cross  section  and  = (e  - 1 1 For 

simplicity  we  have  ignored  the  polarization  — this  amounts  essentially  to  summing 
over  all  polarizations  — and  have  set  equal  to  the  Debye  frequency.  (We  note 
that  there  are  no  small-q  divergences,  since  for  small  g,  the  concomitant  absence 
of  Umklapp  means  that  K = q ). 
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The  transport  relaxation  rate,  1/r  (E),  brings  in  an  extra  factor  (1  - cost!;,,  ,) 

r icK 

in  the  angular  integration,  resulting  in  an  overall  angle-dependent  factor  of 

2 

(1  - cos^j^,)  ; the  angular  average  of  this  factor  (again  with  the  assumption  of 
isotropic  a (K))  gives  simply  a factor  3/2.  This 

SL 


t (E)  2 t(E)  naVkQa(E)3k  (2  Mcon)(2ND  + 1) 


= 3nav(E)Qa(E)(E/ba!D)^-cothT1^- 


(2.12) 


Before  undertaking  numerical  estimates,  we  supplement  the  above  treatment 
with  comparable  calculations  for  polar  scattering.  The  starting  point  in  an 
expression  for  the  matrix  element  of  electron-optical-phonon  interaction,  which 
we  piece  together  from  Eqs.  (5. 11.  14)  and  (5. 11.2)  of  Ziman's  advanced  text6 
we  have 


/ 1 1 \1/2 

<k,  N f 1 |H,  J N , k’  > = ( N + 4 + 4 6,  , , 

~ q ^ 1 int1  q ~ \ q 2^2/  k,k±q  + g 

^ ** 

l A"2*.,  1 1/2 


4 tre2  fi  ccq 

/_ L _ 

1] 

2 V 

e) 

(3.  13) 


where  g is  a reciprocal  lattice  vector  and  e , e are  the  optical  and  d.c. 

00 

dielectric  constants.  This  expression  is  to  be  inserted  into  the  formula 

p<±>(£  ¥l  < £'•  V 1 1 Hi„t ' i-  "2 12  V.  klq+p 

^ ^ 


x 6(Ek-Ek,  ±hWq) 


(3.  14) 
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One  then  obtains,  upon  summing  over  the  final  states,  k'  , within  a solid  angle 


and  using  the  recipe  (3.6) 


.2  4 nc  fi  co 


p(-)(k»  ^kk')  d^k'  V (2it™2)  2 K2  " *)K  + 2 + 2) 

m ^ q \ f c.  f / / 1 1 \ 


2 TlWq^'7  , 

me  ' 00  ' 

~ VV  0 W9 IN 

R 4irfi  E + E’  - 2(EE')1/Z  cosj/j.,  , q 


K+ItI).  (3.15) 


With  the  aid  of  (3. 15)  we  may  now  compute  the  transport  and  energy-loss 
relaxation  times.  For  the  transport  time,  no  serious  errlr  will  be  incurred  by 
neglecting  the  inelasticity,  i.e. , talcing  E = E',  proyided,  of  course  we  introduce 
a low-energy  cutoff  at  E = fico  t (where  we  have  introduced  the  approximation 


co  — co 

q opt 


(3. 16) 


which  is  customary  for  the  optical  branch).  One  then  has 


T±)  m 2»/<"  ^kfc->  r<±)<,!’*kk'>dcos,,’k]t' 


4 rr  v^  m c 


11  “opt  (f  -7)K  + hl)/2E 


which,  upon  summing  over  ± , and  expressing  explicitly  in  terms  of 
temperature,  yields 


(3.  17) 
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For  the  energy  loss  time,  the  use  of  (3.  16)  establishes  that  the  average  energy 
loss,  A(E),  is  simply  » whereas  the  corresponding  effective  collision 

rate  is  given  by 


T(E)  t(-)(E)  t(+)(E) 


(3.  18) 


where  - is  the  total  scattering  rate  for  the  absorption  (emission)  of  an 

t'-'E 

optical  phonon.  One  obtains 


1_  = v(E’)  m e2  ficoopt  / ± _ l \ 

t(±)(E)  b2  (EE')1/2  ' c ' 


log 


El/2  + £>  1/2 

E1/2  . Ed/2 


q 2 T 2 

(3.  19) 


where  E'  = E ± hco.  Inserting  tli is  result  into  (3. 18),  one  finally  obtains 


me 


2 bu) 


T(E)  ^2  E 


V(E,  (±  - I) 


-bto  JkT 
1 - e OP1 


log 


E1/2  + (E-ft,opt>1/2 

E'fl-|E-*V1/2 


bu>  J kT  - 1 
e °Pt 


log 


E1/2+(E+luoopt)1/2 

E1/2-<E+f.o,opt)1/2 


The  remainder  of  this  section  will  be  devoted  to  obtaining  numerical  estimates 
of  the  various  relaxation  times,  based  on  above-obtained  formulae.  We  consider 
the  two  cases  of  non-polar  and  polar  scattering  in  order. 
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(a)  Non -Pol:i r Scattering:  From  (.1.  13)  it  is  clear  that,  barring  unusual 

low-energy  behavior  of  (^(F),  the  transport- relaxation  rate  is  an  increasing 

fund  ion  of  energy.  Fora  relevant  estimate  we  take  F,  =8  eV  and  kT  = . 02  5 e V 

(-300  K).  Material  parameters  for  NaCl  are  ho,'  . = 320  K = .027  eV, 

’ opt 

M = loM  , n = 2.2  x 10“  cm'3,  m/M  = 2.5  x 10"5, 

v(F)  — . 0 \ 10'S  (K  cm/sec  = 1.7  x 10‘S  cm/sec.  Under  these  conditions, 

(3.  1 3)  yields 

1 ] x -1 

= 2 x 10  J Q sec  (3. 2( 

rr(8  eV)  a 

where  Q is  measured  in  square  Angstroms. 

cl 

The  estimation  of  Q constitutes  a major  uncertainty,  due  to  the  lack  of 
direct  experimental  data  and/or  reliable  theory.  In  our  opinion,  the  most  rel- 
evant data  is  provided  by  the  experimentally  observed  total  cross  section  for 
HC1  (as  cited,  e.  g. , in  Massey,  Burhop,  and  Gilbody’s  tome).  If,  as  seems 
reasonable,  most  of  the  scattering  is  due  to  Cl  , this  ion  is  common  to  both 
XaCl  and  HC1.  The  only  other  possibly  relevant  data  known  to  us  is  for 
(loc  cit,  p 709);  we  reject  this  on  the  grounds  that  C1-,  does  not  present  a 
closed- shell  structure,  such  as  Cl  . 

The  cited  data  for  HC1  gives  Q ~35  A“.  Introducing  this  number  into 

3 


(3.  19)  yields 


Tr(8eV) 


= 0.7  x 10l3  sec'1 


(b)  Polar  Scattering:  From  (3.  17)  and  (3. 18)  it  is  clear  that  the  critical 


behavior  takes  place  at  low  energies  in  that  1 / (r^ ) diverges  as  F ->  0.  Actually, 
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caution  must  be  employed  in  analyzing  the  classical  transport  theory  of  Sec.  II  to 
situations  wherein  the  various  parameters  possess  an  energy  variation  which  is 
appreciable  over  a range  of  the  order  of  the  optical  quantum  energy,  hoi . In 
this  case,  the  effective  transport  relaxation  rate  must  be  treated  quantally.  This 
will  be  done  in  a subsequent  report.  Provisionally,  we  take  quantal  effects  into 
account  by  introducing  a low-energy  cutoff  ~tico  into  (3.  17).  Specifically,  we 
take  (3. 17)  to  be  valid  for  E ^ to;  for  E < fuo,  we  replace  (3.17)  by 

-h&))).  Equation  (3. 18)  on  the  other  hand,  is  assumed  to  hold  for 
arbitrary  evergy. 

A maximal  estimate  for  1/ r r due  to  polar  scattering  is,  from  the  above, 
attained  by  inserting  the  cutoff  energy,  E s?  fuo  with  (3.17).  Using  the  data 


0.259 


(3.21) 


(appropriate  to  NaCl  as  obtained  from  the  Handbook  of  Chemistry  & Physics), 
and  hco  appropriate  to  to  = 104  cm  1 (1  micron  laser  light),  i.e. , fico  =1.25  eV, 
flw0pt  =.027  eV  kT , we  obtain 


Tr  (polar) 


~ 0. 75  X 1014  sec  1 


(3.22) 


Let  us  now  note  that,  both  from  (3.22)  and  (3.20),  the  parameter  to2  T 2 is 

r 

substantially  larger  than  units  for  to  * 2 x 1015  sec"1  (corresponding  to 

X < 1 micron).  It  is  thus  apparent  that  the  high-frequency  limit  obtains.  We 

note  also  that  correctives  to  this  limit  arise  (a)  explicitly  from  the  non- negligible 
2 2 

value  of  1/co  r obtained  from  the  non -polar  scattering,  and  (b)  implicitly 

from  the  low-energy  cutoff  for  polar  scattering  (E  = ha' ) 

min  ’ ‘ 


290 


Sec.  E-Ill 


In  the  next  section  (to  be  written  at  some  future  date)  the  results  of  this 
section  will  be  used  in  conjunction  with  Eq.  (2.26)  of  Sec.  II  to  obtain  the 
multiplication  rates  as  a functioi  uf  frequency  and  laser  field. 


f 


r 


1 

S 
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APPENDIX  A.  DEVIATION  OF  THE  CLASSICAL 
TRANSPORT  EQUATION 


In  this  Appendix,  we  derive  the  classical  transport  equation  that  will  be  used 
in  the  analysis  of  electron-avalanche  breakdown.  We  start  from  the  Boltzmann 
transport  equation 


af  , e£(t)  . f _ / af  \ 

.gradkf_(_) 


(A.  1) 


Here,  f = f^(t)  is  the  time-dependent  electron  distribution  in  k space, 
e(t)  = €^cos(jt)t  is  the  impressed  laser  field,  and 


(If)  = = [Vw<i'-£>-fkw<£ -Ji>] 

coll  K 


(A.  2) 


where  W(J<  ->  k'  ) is  the  collisional  transition  probability  between  states  k and  k'. 
We  generally  have 


(k,k)=  Sw.<k,k-)6(Ek-Ek.  - A^,) 


(A.  3) 


where  the  subscript,  i,  refers  to  a particular  type  of  collision  (e.  g. , electron 
scattering  with  emission  or  absorption  of  various  types  of  phonons)  and  where 
A^.  represents  the  associated  energy  loss  (or  gain). 

It  may  be  remarked  that,  for  electron -phonon  collisions,  A^.  is  relatively 
small  (^0.05  eV),  i.e. , the  collisions  are  quasi-elastic.  This  feature  will 
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permit  substantial  simplification  of  the  analysis  to  be  given  below,  especially 
in  the  energy  region  below  the  threshold  for  exciton  formation,  which  we  now 
discuss.  We  rewrite  (A.  1)  in  the  form 


_+  . gradk£ 


(!9  '(£) 


(A.  4) 


in  coll 


eicoll 


where 


(If) 


eXcoll 


E(fk.  -fk)w(k,k-)6(Ek-Ek,) 


(A.  5) 


(with  w(k,  k')  = £ w(k,  k')  taken  to  be  symmetrical  with  respect  to  inter- 
change of  k and  k'  and  ( — ) is  the  remainder  of  the  collision  term; 

'dt/ in  coll 

it  may  be  written  as 


(If).  „ “ J,  [ Wi'-i > i 6 < V ‘ Ek  ■ Akk' > ' 6 < Et' ' Ek > ] 

in  coll  K»1  L 

' f6(Ek  " Ek'  “ Akk' ) " 6(Ek’  " ^ ] * 

(A.  6) 

The  stage  has  now  been  set  for  introducing  the  principal  assumption  of  this  -- 
as  well  as  other  derivations  --  of  the  energy  transport  equation,  namely,  the  as- 
sumption of  quasi -isotropy  of  the  distribution  function  in  k space.  Strictly  speak- 
ing, this  phraseology  pertains  to  the  usual  case  of  spherical  energy  surfaces,  for 
which  it  describes  the  situation  in  which  f^  depends  principally  on  the  magnitude 
of  k . In  our  case,  we  generalize  by  writing 


<y  = t(Ek>  + 'k'* 


(A.  7) 
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where  f^  is  taken  to  be  small  compared  to  f(  E^),  and  is  ultimately  to  be 
determined  by  a suitably  prescribed  iteration  procedure.  We  incidentally  note 
that,  by  definition. 


f(E) 


£ fk6(E  - Ek) 

£ 6(E  - Ek ) 
k K 


(A.  8) 


so  that  the  corresponding  integral  of  fk^  vanishes. 

Let  us  integrate  (A.  4)  over  a surface  of  constant  energy,  E.  This  is  done  by 
multiplying  by  6 ( E - Ek  ) and  summing  over  k.  Introducing  the  density-of- 
states  function 


N(E)  s S 6(E  - E.) 
k K 


(A.  9) 


we  have 


N(E) 


af(E) 

at 


+ 


£ ee(t) 

k ~ 


v.  — 6 ( E - 
k 9E 


E,J  f, 


(1) 

k 


= ^£  6(E-  Ek)  [f(Ek.)  w.(k,k’)6(Ek, 


= j ^(E')K(E',  AE)  - f(E)K(E,  AE)  dAE  ] 


(A.  10) 


where  E’  = E + AE  and  where 


K(E,  AE) 


£ 6 ( E - E,  ) 6 ( E - AE  - E.  , ) w.  ( k , k')  6 

kk’,i  k K 1 


(A.  11) 
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Hie  Fokker-Planck  expansion  is  now  applied  to  the  right-hand  side  of  (A.  10), 


yielding 


N(E)5sP + &<£<•>  sh.  [n<R)tte)  f(FT 


(A.  12) 


where 


N(E) 


(AE)  K(E,  AE)  dE  = £ 6(E  - E,  ) wu'(k,  k') 


(A.  13) 


Thus  A(E)  is  the  average  energy  loss  per  collision  (with  l/r(E)  representing  the 
total  collision  rate).  Also 


J(E,t)  , L 6(E-Ek)evk^(t) 


(A. 14) 


is  manifestly  the  "monoenergetic"  current  density  (to  be  evaluated  below).  Finally, 
the  braced  expression,  ( ),  is  a time  average  over  a period  2 v / lc  of  the  ex- 

ternal laser  field.  It  is  thereby  assumed  that  the  variation  of  f(E)  over  this  time 
2 

interval  is  negligible. 

An  explicit  expression  for  J(E,  t)  has  now  to  be  obtained.  To  achieve  this  ob- 
jective,  wc  consider  the  equation  satisfied  by  f^ \ t ) , which  reads 


+ = 5(v-^)'*<i>i,)«(Ek-Ek.)  . <a.is> 


Equation  (A.  15)  is  a linearized  version  of  (A.  4),  wherein  the  "small"  terms,  such 
as  that  proportional  to  £ (t) , have  been  approximated  by  the  replacement  of  fk  by 
f(Ek ).  (From  a logical  point  of  view,  an  additional  "driving"  term  of  this  sort. 
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involving  the  inelastic  collision  operator,  should  have  been  included.  However, 
as  one  may  readily  demonstrate,  the  resulting  contribution  to  f^\t)  is  even 
with  respect  to  reflection  of  k through  the  origin,  and  would  hence  give  no  con- 
tribution to  ] (E , t ). ) 

Ignoring  the  time  variation  of  f(Ek)  (as  discussed  in  the  text  subsequent 
to  (A.  14)),  and  taking  P (t)  = RP0  exp(-icot) , we  may  replace  a/ftt  in  (A.  15) 
by  -ito,  thereby  obtaining 


"c£o 


af(Ek) 

s 

aE,, 


= ito£k  + 5 [V  " hi  w(£’£> 6(Ek‘  Ek'>] 


the  formal  solution  of  which  is  written  as 


3fn 


where  0k(co)  obeys  the  equation 


*k  = + 5 f£k’  " 0kJw(k,k')6(Ek-  Ek,) 


(A. 16a) 


(A.  16b) 


Inserting  (A.  16)  into  (A.  14),  we  have 


J(E,t)  - p(E-Ek)c2vk£lc(W) 

| -icot  9f  ) 

s -R  j£(E.co)-C0e  | 

where 

o(E,w)  = E fi(E  - Ek)e2vk0k(u:) 


(A.  17) 
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is  the  monoenorget  ic  conductivity  tensor;  as  is  known,  for  cubic  crystals,  it 
reduces  to  a scalar  quantity;  i.e. , 


.1  (I*'»  t) 


-II  cr(E, 


;>£lc 


iu-'t  Sf  (E) 

SE 


(A. IS) 


with 


o(E,  .c)  = | £ 6(E  - Ek)  c2  vk  • £k(w) 


(A. 19) 


We  now  substitute  (A.  18)  into  (A.  12),  obtaining 
„ 2 


\(E)  — rf— ^ = -]r-  ^=r  Ra(E,u!)  + -|=r  [n(E)^-J  f(E)l  . (A.  20) 

St  6 3E  SE  dE  L T(E)  _l 


Let  us  note  that,  in  the  usual  spherical  approximation  --  with  E^  dependent 
only  on  the  magnitude  of  k,  and  with  w(k,  k')  a function  of  just  the  magnitudes 
of  k and  k’  and  of  the  angle  c, , , between  them  --  it  is  always  possible  to  re- 
place  the  collision  integral  by  a relaxation -time  expression,  i.e.. 


= [&■  - Ck1  6(Ek  • Ek'> 

where 


l/Tr(E) 


L w(k,  k’)  ( 1 - cost.,,  ) 6(E, 

i,»  ^ ^ KK  K 


Ek.) 


(A. 21) 


(A. 22) 


is  the  "transport"  relaxation  rate.  Introducing  (A. 21)  into  (A.  17),  we  have 


~k  Tr 


1 + ice  Tr 


(A. 23a) 


whence 
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r 


a(E,  go)  = 


[E6(E  - Ek)e2v2/3jr.(E) 


1 - icoTr(E) 


N(E)e2<v2(E)>Tr(E)/3 


1 - ioo  ij-(E) 


(A. 2 3b) 


2 2 

where  (v  (E)>  denotes  an  average  of  v.  over  a surface  of  constant  energy. 


Upon  substituting  (A.  23)  into  (A.  20),  one  has 


*f(E)  ^0  3 


6 SE 


N(E)e2<v2(E)>rr(E)  ^ 


1 + go  -T  (E) 


(A.  24) 


It  may  be  remarked  that,  in  the  more  general  case  of  cubic  symmetry,  an 


expression  of  the  form  of  (A.  24),  with  1/t  given  by  the  relation 


rJE)  “ nTe)  & 6(E  ' Ek)  6(Ek  ' Ek’>  w(k’k’>(1  ^k*^k’/vk2)  (A-25) 


is  still  a useful  approximation;  in  particular,  it  has  the  following  two  properties: 


(1)  In  the  high-frequency  limit  co  T » 1 , it  coincides  with  the  first  non-vanishing 


term  obtained  from  a perturbation  solution  of  (A.  17)  in  powers  of  (gct^)  . (2)  In 


the  d.  c.  limit,  variational  theory  may  be  used  to  show  that  the  coefficient  of  3f/dE 


in  the  square  bracket  of  (A.  24)  is  a lower  bound  to  the  correct  o(E,0),  with  an  error 


quadratic  in  the  deviation  of  the  "trial”  function,  o^(var)  = v^  from  the  actual 


solution  of  (A.  16), 


i 
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Equation  (A.  20)  and  its  approximate  form  (A.  24)  (with  some  subsequent 
straightforward  modifications  introduced  in  the  text)  constitute  the  basis  of  the 
classical  energy -transport  theory  used  in  this  paper. 

It  remains,  finally,  to  carry  out  some  estimate  of  the  validity  of  the 
approximation  of  generalized  quasi-isotropy  introduced  with  Eq.  (A.  7).  Our  task 
is  to  demonstrate  the  relative  smallness  of  fj^  (as  given,  e.g. , by  (A.  16a)  and 
(A.  23a))  compared  to  f(E).  For  this  purpose  it  is  clearly  necessary  to  know 
df/dE  as  a function  of  primary  parameters.  As  pointed  out  above,  experience 
has  shown  that  this  is  feasible  only  on  an  apostcriori  basis.  In  what  follows,  we 
give  the  simplest  illustrative  example;  the  state  of  affairs  in  other  cases  of 
interest  will  be  discussed  in  due  course. 

Let  us  consider  the  situation  in  which  exciton  and  electron-hole  forming 
collisions  maybe  ignored.  Then,  Eq.  (A. 24),  with  Bf/Bt  = 0,  applies.  A first 
integration  can  immediately  be  carried  out,  yielding 

Gq  e2v2(E)T(E) 

0 = i r tt—  & + ttU  f(E)  <A.2e 

6 l + iu)T2(E)  aE  T<E> 

where  the  constant  of  integration  has  been  set  equal  to  zero,  to  assure  f (E)  -»  0 
as  E ->  oo . From  (A.  26)  we  obtain  an  explicit  expression  for  3f/BE  in  terms  of 
f (E)  and  the  primary  parameters.  Introducing  this  expression  into  (A. 23a)  and 
(A.  16a),  we  have,  for  the  component  of  f^  in  phase  with  the  external  field 
(which  we  denote  as  fj^  ) 

. eV<E>Tr  6<1+““<E»  A(E) 

V ' 1 “ *5 — 1 — "T’!)  f) — 

1+0)  Tr2  G02c2v2(E)  Tr(E)  T<E> 


f X.  . 


6 A(E) 


(A. 27) 
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To  extract  some  physical  meaning  from  this  result,  we  define  an  effective 
energy -dependent  electron  temperature  via  the  equation 


rrm  = 


dlogf(E) 

dE 


(A. 28) 


Equation  (A.  28)  together  with  (A.  26)  yields 


*Te(E)  = 


e2Z*  v2(E)Tr(E)T(E) 
6 (1  +coV)  A(E) 


or 


eeQv(E) 


6(1  + oj2t2(E))  A(E) 
t.(E)  t (E) 


which,  when  inserted  into  (A.  27),  gives 


f(E) 


A(E)  Tr(E)  1 

1/2 

< / A<E)  \ 

T(E)  1+toV  *Te<E) 

" ^Te(E)  ) 

(A. 29) 


if  we  take  r.(E)  ~ t (E).  The  parameter  contained  in  square  brackets  is  usually 
quite  small.  In  fact,  if  we  consider  ftT  (E)  as  characterizing  the  energy  spread 


of  the  distribution  function,  the  parameter  on  the  right-hand  side  of  (A.  29)  is 
known  to  be  small  - at  least  in  the  energy  region  below  the  exciton  threshold. 
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APPENDIX  B.  CONTRIBUTION  OF  ELECTRONICALLY  INELASTIC 
COLLISIONS  TO  THE  TRANSPORT  EQUATION 

L Excitation  Collisions.  We  consider  a collision  event  which  leads  to  the 

f.  t_ 

creation  of  an  exciton  in  the  h level.  Let  1/yE)  be  the  probability  per 

unit  time  for  an  electron  of  energy,  E,  to  suffer  a collision  event  of  this  type; 

the  energy  of  the  scattered  electron  will  be1^  E - E,  . We  may  then  write 

h 


N<E>  f 


N(E+Eh)f(E+Eh) 

T(E+Eh) 


N(E)f(E) 

VE> 


where  the  sum  goes  over  all  the  electronically  bound  states  of  the  exciton. 

Equation  (B.  1)  is  easily  proved  by  writing  down  a general  equation  of  the 
same  form  as  that  of  (A.  10),  with 


K(E,AE)  = ^6(Eh-AE)/Th(E)  . 
h 

Integration  over  AE  then  leads  directly  to  (B.  1). 


2.  Ionizing  Collisions.  We  obtain  N(E)  [ df /St  ] . by  suitable  generalization 

of  (B.  1).  Two  steps  arc  involved:  (a)  Replacement  of  E^  by  a continuous 

variable,  E + E , where  E is  the  minimum  energy  for  the  creation  of  an 
c & 

electron  pair  (vertical-gap  energy),  and  E^  is  the  energy  of  the  ejected  elec- 
tron. (b)  We  must  take  account  of  the  fact  that  the  ejected  electron  also 
contributes  to  the  electron  energy  distribution.  We  thus  write 
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M . f "g,.N(E)f(E)dE+  f «E  + V * ;f(E^E_ 

dtJion  J Ti  o ri(E+Eg+E(e),  E(e)  ) 


N(E  + E(S)  + E ) f(E  + E(s)  + E ) 

gi_ S-  dE  S 


Tj(E+  E'  ' + Eg  , E) 


where  E^  is  the  energy  of  the  scattered  electron.  But  we  now  want  to  incor- 


porate the  basic  indistinguishability  between  scattered  and  ejected  electrons.  We 


do  this  by  redefining  our  ionization  rate  as 


rion(E,  E’)  t.(E,  E’)  " t.(E,  E-Eg  - E’ ) 


where  dE'/T(E  , E’)  is  seen  to  represent  the  probability  per  unit  time  that  a 


primary  electron  of  energy  E suffers  an  ionizing  collision  such  that  any  one  of 


the  two  emerging  electrons  has  energy  between  E'  and  E'  + dE',  and  the  other 


automatically  has  energy  E - E - E'.  We  may  now  write, 


N(E>  |£  . 


U 

-u 

r»  ** 


g N(E)  f(E)  dE 


T.  (E  , E ) 
ion 


p N(E  + ET+E')  f(E  + E +E‘) 

/ S dE 

J t.  (E  + E + E , E 
q ion  s 


where  the  factor  1/2  in  front  of  the  ’depopulation"  term  is  introduced  to  avoid 


double  counting. 


Finally,  we  give  an  expression  for  the  average  ionization  rate  0 resulting  from 


the  above-described  electron-collision  process.  It  is  obtained  by  integration  of 


(B.  4)  over  all  energies,  E,  and  dividing  by  the  total  number  of  electrons;  it  reads 


J 
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00 


/ N(E)  F (E)  dE 
0 


where 


T.  (E) 
ion 


JJi  ' 

-u 


dE' 

A,  E') 


(B.5) 


(B.  6) 


is  the  total  probability  per  unit  time  for  an  electron  of  evcrgy  E to  undergo  an 
ionizing  collision. 


f 
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1.  This  property  is  certainly  valid  in  the  Bom  approximation,  in  which  it  is 
possible  to  treat  all  electron-phonon  collisions. 

2.  This  approximation  is  valid  when  energy  loss  and  gain  processes  are  slow, 
relative  to  the  external  frequency,  m;  said  condition  is  hereby  assumed  to 
hold  once  and  for  all. 


1 


Siv . 


OVERVIEW  OF  MATERIALS  FOR  HIGH-TOWER 
VISIBLE  AND  ULTRAVIOLET  LASERS* 

M.  Sparks 

Xonics,  Incorporated,  Santa  Monica,  California  90401 


The  useful  frequency  range  of  metallic  reflectors  extends  from 
~ 0 to  ~ 14  eV,  and  the  absoiptance  on  this  range  is  great,  varying 
from  approximately  eight  percent  at  7.2  eV  to  approximately  one-half 
percent  at  10.6pm.  Neither  higher  operating  frequencies  nor  signifi- 
cantly low  r values  of  metallic  ahsorptance  are  expected  to  be  ob- 
tained since  these  values  are  near  the  intrinsic  limits.  The  useful 
frequency  region  of  transparent  materials  extends  from  ~0  to 
~ 11.  8 e V,  and  the  values  of  the  bulk  absorption  coefficient  on  this 
range  are  extrinsic,  die  lowest  experimental  values  varying  from 
~5  \ 10  3cm'*  at  2-lOp.m,  to  ~10"^cm“^  at  1.06pm,  to  ~10"^cm‘^ 
at  7.2eV.  For  frequencies  greater  than  14  eV,  grazing  incidence  re- 
flection from  dense  materials,  and  in  some  cases  Bragg  reflection, 
can  be  used,  but  fundamental  limitations  preclude  die  development  of 
highly  transparent  materials.  Multilayer-dielectric  reflectors  have 
much  lower  intrinsic  absoiptance  than  do  metallic  reflectors.  Tech- 
nical difficulties,  including  orders  of  magnitude  typical  greater  ab- 
sorptar.ee  of  materials  in  film  form  than  in  bulk  form,  currently 
limit  die  absoiptance  of  deposited  films  to  a few  times  10'“*. 


The  shift  of  interest  in  the  last  10  years  from  low-power  to  high-power  optical 
systems  has  had  great  impact  on  optical  materials,  particularly  infrared  materials. 

It  appears  that  we  are  now  at  die  beginning  of  another  period  of  a shift  in  interest,  diis 
time  from  high  power  at  a few  isolated  frequencies  to  a range  of  frequencies  spread 
diroughout  the  optical  spectrum  and  indeed  even  to  high-pov.vr  sources  diat  are  tun- 
able from  the  infrared  at  ~10pm  to  the  X-ray  region  at  ~0.  1 nm.  The  infrared  region 
has  of  course  received  great  attention,  and  Duthler  and  Sparks*  have  recently  dis- 
cussed vacuum -ultraviolet  materials.  In  the  present  paper  a broad  overview  of  the 
expected  perfonnaw  ind  problems  of  materials  for  use  at  high  power  levels  from 
the  infrared  through  the  vacuum -ultraviolet  regions  is  given. 

First  consider  metallic  reflectors.  Here  metallic  reflector  will  mean  uncoated 
metal  and  normally  incident  radiation.  It  will  be  shown  that  die  useful  range  of  metal- 
lic reflectors  extends  from  near  zero  frequency  to  approximately  14  eV,  and  that  the 
absoiptance  on  this  range  is  great,  varying  from  approximately  eight  percent  at  7.2cV 
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to  approximately  one-half  percent  at  10. 6pm.  Neither  higher  operating  frequencies 
nor  significantly  lower  values  of  metallic  absorptance  are  expected  to  be  obtained 
since  these  values  are  near  the  intrinsic  limits. 

Recall  that  the  xenon  laser,  which  operates  at  7.2eV,  or  172  nm,  was  materials 

2 1 

limited  from  its  first  operation.  ’ The  laser-mode  pattern  was  burned  into  the  cav- 
ity mirror,  which  consisted  of  a thin  aluminum  film  deposited  on  a magnesium  fluoride 
substrate.  The  important  fact  here  is  that  the  failure  is  a result  of  the  great  absorp- 
tance of  the  aluminum.  The  commercially  available  films  had  approximately  20  per- 

3 

cent  absorptance,  and  H.  C.  Chow  and  M.  Sparks  have  shown  that  the  intrinsic  limit 

of  the  absorptance  of  aluminum  is  approximately  eight  percent.  There  are  no  metals 

with  lower  absorptance  in  the  ultraviolet  or  vacuum -ultraviolet  regions.  This  value  of 

-4 

eight  percent  is  to  be  compared  with  a typical  desired  value  of  10  for  high-power 
systems. 

In  Table  1 it  is  seen  that  the  intrinsic  absorptance  of  aluminum  is  ~ eight  to  10 
percent  from  ~500  nm  (green)  to  7.2eV  (or  172  nm,  for  xenon).  In  the  visible  and 
infrared  regions,  silver  has  the  lowest  absorptance,  but  the  values  are  still  quite 
large,  ranging  from  approximately  one-half  percent  at  10.6pm  to  approximately  two 

4 

percent  at  500 nm.  It  is  emphasized  that  these  values  are  near  the  intrinsic  limits, 
that  these  limits  are  quite  high,  and  that  significantly  lower  values  of  metallic  absorp- 
tance at  these  wavelengths  are  not  expected  to  be  obtainable. 

For  both  metallic  reflectors  and  transparent  dielectrics,  it  is  helpful  to  think  of 
two  aspects  of  the  usefulness  of  a material.  The  first  is  the  approximate  useful  wave- 
length region.  For  metallic  reflectors,  this  useful  range  extends  from  the  plasma 
frequency  (15.3eV  for  aluminum)  down  to  zero  frequency,  as  illustrated  schemati- 
cally in  Fig.  1.  Metals  are  not  useful  as  normal-incidence  reflectors  at  frequencies 
greater  than  the  plasma  frequency  because  the  reflectance  becomes  quite  small. 

Notice  that  there  is  no  limit  on  the  low-frequency  side.  It  has  been  argued  that  metals 
having  plasma  frequencies  greater  than  that  of  aluminum  (15.  3eV)  or  vacuum-ultra- 
violet absorptance  less  dian  that  of  aluminum  (~ eight  percent)  are  not  likely  to  be 
found.  ^ 

The  second  aspect  of  the  usefulness  of  materials  is  how  good  they  are  in  the  use- 
ful range.  For  example,  how  low  is  the  absorptance  A for  metals  and  how  small  is 
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Table  1.  Lowest  measured  values  of  absorptance  of  silver  and  aluminum,  showing 
the  great  intrinsic  values  of  metallic  absorptance. 


Wavelength  (pm) 

10.6 

1.06 

0.50 

0.32 

0.  172  (7.2  eV) 

Absorptance  of  Ag(%) 

0.  47 

0.64 

2.1 

~ 85 

>80 

Absorptance  of  A1  (%) 

1.2 

~4.3 

10 

9 

8 
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Fig.  1.  Schematic  illustr, 
approximation,  showing  the  ns 
intrinsic  value  s of  absorptano 
aluminum  (neglecting  t He  inter 
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the  absorption  coefficient  for  transparent  materials.  For  aluminum  in  the  useful 
range  oc  < the  free-electron  approximation  gives  A 2:  0.  02  from  near  oc^  to 
~ 10  Jim,  and  the  absorptance  decreases  at  longer  wavelengths.  The  difference  be- 
tween this  value  of  two  percent  and  the  above  value  of  eight  percent  is  that  inter- 
band transitions  are  not  included  in  the  free-electron  approximation. 


Before  leaving  the  subject  of  metallic  reflectors,  it  is  worth  mentioning  that  they 
are  expected  to  remain  useful  in  spite  of  lower  multilayer-dielectric-reflector  ab- 
sorptance  (possibly  by  orders  of  magnitude),  as  discussed  below.  Merits  of  metallic 
reflectors  include  the  following:  Great  cooling  is  possible.  They  may  be  more  damage 
resistant  than  are  dielectric  reflectors  in  short-pulse  operation.  Diamond-turned  me- 
tallic reflectors  have  received  considerable  recent  attention.  The  useful  wavelength 
region  of  a given  reflector  is  generally  greater  for  metallic  reflectors  than  for  mul- 
tilayer-dielectric reflectors.  Strongly  aspheric  optics  are  difficult  to  constrict  by 
multilayer- dielectric  techniques,  which  also  suffer  from  the  lack  of  materials  with 
different  values  of  nf  for  to  > 8eV.  Coatings  can  be  used  to  reduce  the  absorptance. 
Dielectrics  may  fail  in  such  hostile  environments  as  laser-fusion  chambers  and  space. 

It  will  be  shown  below  that  dielectrics  become  highly  absorbing  at  frequencies 
greater  than  11.8  eV.  Thus  there  are  neither  good  normal -incidence  reflectors  nor 
transparent  materials  for  use  at  frequencies  greater  than  ~14eV.  Grazing- incidence 
reflection  from  dense  materials  and  in  some  cases  Bragg  reflection  can  be  used  at 
frequencies  greater  than  14  cV,  but  fundamental  limitations  preclude  the  development 
of  highly  transparent  materials  for  such  high  frequencies. 


Since  the  values  of  metallic  absorptance  are  quite  high  for  use  at  high  power 
levels,  it  is  appropriate  to  consider  alternate  reflectors.  Multilayer-dielectric  re- 
flectors are  currently  the  most  promising.  Total- internal- reflection  devices  offer 
interesting  possibilities,  but  the  long  optical  path  lengths  through  the  material  gener- 
ally make  the  failure- intensity  thresholds  low.  However,  for  the  usual  case  in  which 
anti  reflection  coatings  on  the  surfaces  of  the  total-internal- reflection  devices  are  not 
required,  the  technical  difficulties  of  deposition  are  avoided. 

Multilayer-dielectric  reflectors  have  lower  intrinsic  absorptance  than  do  metallic 

reflectors.  As  an  illustration,  for  a dielectric  reflector  with  thickness  = 5jxm  and 

-4  -1  1 -8 

absorption  coefficient  ft ^ = 10  cm  , the  absorptance  is  A^  2?  ft  i = 5 x 10  , 


I 
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which  is  an  extremely  low  value.  The  lowest  measured  values  reported  to  date  at  any 
wavelength  are  a few  times  10'^.  For  example,  a value  of  7 X 10’^  was  obtained  at 
10. 6jim  at  the  Hughes  Research  Laboratory.  It  should  be  technically  less  difficult 
to  obtain  low  absorptance  at  1.06 Jim  and  in  the  visible  region  than  at  10.  6 jim.  It  is 
emphasized  that  technical  difficulties , including  orders  of  magnitude  greater  absorp- 
tance of  materials  in  film  form  than  in  bulk  form,  not  fundamental  limitations,  cur- 
rently limit  the  absorptance  of  deposited  coatings  (including  multilayer-dielectric 
6 7 

reflectors).  ’ The  solution  to  the  technical  problems,  perhaps  by  the  methods  sug- 
6 7 

gested  elsewhere,  ’ would  be  extremely  important  both  for  obtaining  improved  high- 
power  reflectors  and  for  obtaining  satisfactory  antireflection  coatings  for  high-power 
windows. 


Transparent  materials  are  of  course  used  for  windows,  anti  reflection  coatings, 
multilayer-dielectric  reflectors,  and  reflection-enhancing  coating  for  metals.  It  will 
be  shown  that  the  useful  range  of  transparent  materials  extends  from  approximately 
45 (im  to  11.8eV  (105  nm),  that  values  of  the  bulk  absorption  coefficient  j3  on  this 
range  are  extrinsic,  and  that  the  lowest  experimental  values  vary  from  ~5  x 10’^ 
cm  ^ at  2 -10  jim,  to  ~ 10  ^ cm  ^ at  1.06  Jim,  to  ~10  *cm  ^at7.2eV.  Higher  oper- 
ating frequencies  are  not  expected  to  be  obtained,  but  lower-frequency  operation 
( X > 45  jim)  is  possible  by  using  materials  with  high  Reststrahl  frequencies  and  op- 
erating below  the  Reststrahl  frequency. 

The  useful  range  of  transparent  materials  is  limited  at  high  frequencies  by  ab- 
sorption across  the  electronic  band  gap  and  at  low  frequencies  by  multiphonon  and 

direct  Reststrahl  absorption,  as  illustrated  schematically  in  Fig.  2,  which  was  previ- 

8 9 

ously  used  in  discussions  of  window  materials.  ’ The  high-frequency  useful  region 

is  extended  by  using  light-element  crystals  that  are  ionically  bonded  in  order  to  in- 
8 9 

crease  the  band  gap.  ’ Lithium  fluoride  has  the  highest  electronic  absorption  edge 
of  11.8cV  at  room  temperature.  'Hie  frequency  range  is  extended  on  the  lower  fre- 
quency end  by  using  heavy-element  ionically  bonded  crystals  such  as  potassium 

8 9 

bromide  and  potassium  chloride.  ’ The  absorption  coefficient  of  potassium  bromide 
is  ~ 10  cm  * at  45  jim.  Transparent  materials  c;ui  be  used  at  lower  frequencies 
( X > 45 jim)  by  choosing  a material  with  a high  Reststrahl  frequency  and  operating 
below  the  Reststrahl  frequency  (to  the  left  of  u.'/tof  = 1 in  Fig.  2).  Hie  values  of  the 
absorption  coefficient  in  the  useful  range  are  extrinsic,  and  the  lowi  st  experimental 


Sex;.  F 


values  range  from  ~5  x 10  ^cra  * at  2 -10  pm,  to  ~ 10  ^ cm  * at  1.06  pm,  to 

_ i _ i 


■ 10  - 10  cm  in  the  vacuum-ultraviolet  region. 


Consider  the  limitations  of  transparent  materials  in  the  useful  range  in  greater 
detail.  The  infrared  region  has,  of  course,  received  the  greatest  attention,  with  many 


absorption  mechanisms  having  been  considered  in  detail.  Examples  include  multi- 
phonon absorption, ^ damage  and  absorption  resulting  from  absorbing  inclusions,^ 

12 

and  absorption  by  impurity  molecules  and  molecular  ions. 


The  mechanisms  by  which  materials  fail  at  high  intensities  in  the  vacuum-ultra- 


violet region,  particularly  for  a single  10  ns  pulse  of  7.2eV  radiation,  have  been 
studied  recently,  as  already  mentioned  above.  The  results  are  summarized  briefly 


as  follows:  Fig.  3 shows  the  impurity- absorption  spectra  of  several  materials  that 
are  useful  in  the  vacuum-ultraviolet  region.  The  steep  Urbach  absorption  edges  arc- 
shown  at  the  left-hand  ends  of  the  spectra,  and  the  long  extrinsic  absorption  tails  are 


shown  coming  off  of  the  absorption  edges  at  values  of  the  absorption  coefficient  $ 
ranging  from  ~ 1 to  50  cm  *.  Typical  values  of  /3  at  7.2eV  are  slightly  greater  than 
10  'em  *.  The  heating  of  the  crystal  resulting  from  this  value  of  0 = 10  'em"'  can 


10  2 

cause  fracture  at  an  intensity  slightly  greater  than  10  W/cm  . If  a conduction  elec- 


tron is  generated  for  each  photon  absorbed,  the  resulting  optical  distortion  by  the 

8 2 

electron  plasma  limits  the  intensity  to  ~ 10  W/cm  . 


14 


This  electron-plasma  dcfocusing  arises  as  follows:  The  refractive  index 
of  the  crystal  is  changed  when  the  conduction  electrons  are  generated  according  to 
the  relation 


,1/2 


nr  = eV2  = (€0  * “p^2)  " n0  ’ wp2/2n0a'2 


1/2  2 2 

where  nn  = e„  . The  change  6 n = - go  /2  nn  to  in  tire  index  of  refraction  has  the 
u u -4  r Po  u 2 

value  6n  s -3  x 10  for  X = 1pm  and  to  z = 4nne  /m  with  electron  density  n 
18  -3  P 

= 10  cm  . The  decrease  in  the  value  of  n at  the  center  of  the  beam  (for  the  usual 


case  in  which  the  intensity  is  greater  at  the  center  of  the  beam  than  at  the  beam  edge) 
causes  a dcfocusing  since  the  optical  path  nr£  is  decreased,  just  as  it  is  for  a ground 
lens  that  is  thinner  in  the  center  than  at  the  edge.  For  a one-centimeter-thick,  five- 


-4  2 2 

centimeter-radius  R window  with  n = -3  x 10  ( 1 - p / R ),  the  angular  distortion 

r .4 

0 = -d(nr£)/dp  has  the  value  0 = 10  radians,  which  is  a factor  of  10  greater  than 
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a typical  value  at  which  failure  occurs.  For  Gaussian  beams,  the  distortion  is  some- 
what worse  than  for  the  parabolic  decrease  to  zero  used  in  the  illustrative  example. 

Microscopic  inclusions  give  rise  to  laser  damage  at  energy  densities  of 
~2  J/cm^  topically  for  a ten  nanosecond  pulse,  which  corresponds  to  intensity  1 = 0.2 
GW/cm2. 

Two-photon  absorption  generates  conduction  electrons  which  can  be  amplified  in 
number  by  the  electron-avalanche  process.  The  resulting  electron  density  can  absorb 
radiation  by  the  Joule-heating  process,  and  the  electrons  can  defocus  the  radiation  by 

the  electron-plasma  defocusing  mechanisms  discussed  above.  The  failure  intensities 

9 2 9 2 

are  typically  ~10  W/cm  for  heating  to  thermal  fracture,  ~2  x 10  W/cm  for  heating 

8 2 

to  melting,  and  ~10  W/cm  for  the  electron-plasma  optical  distortion. 

The  Raman-scattering  process  has  recently  been  shown^  to  have  a highly  un- 

9 2 

stable  character  at  high  intensities,  of  the  order  of  10  W/cm  typically,  which  is 
expected  to  cause  laser  damage  in  Raman-active  crystals. 

The  nonlinear-refractive-index  mechanism  is  illustrated  schematically  in  Fig.  4. 

2 

The  index  of  refraction  has  a nonlinear  contribution  6nr  = (E  ) proportional  to  the 
square  of  the  electric  field  E . The  greater  intensity  at  the  center  of  a typical  beam 
causes  an  increase  in  the  index  of  refraction  which  causes  a focusing  of  the  beam, 
which  in  turn  increases  the  index  of  refraction  since  the  intensity  is  increased.  If  the 
sample  is  sufficiently  thick,  this  process  continues  until  the  beam  collapses  to  a small 
diameter  at  which  point  the  sample  is  damaged.  If  the  sample  is  not  sufficiently  thick 
for  beam  collapse,  there  is  still  an  optical  distoi-tion  resulting  from  the  increase  in 
the  index  of  refraction  at  the  center  of  the  beam.  In  the  glass  lasers  used  in  laser- 
fusion  studies,  small  spatial  fluctuations  in  the  intensity  give  rise  to  local  variations 
in  the  index  of  refraction  which  cause  beam  breakup  as  illustrated  schematically  in  the 
bottom  of  Fig.  4. 

Duthler  ^ has  shown  that  the  nonlinear  index  can  be  considerably  greater  at  fre- 
quencies near  oc  /2,  where  hto  is  the  band  gap  energy,  as  illustrated  schematically 
g g 

in  Fig.  5.  The  two-photon  absorption  corresponds  to  the  imaginary  part  of  a contribu- 
tion to  the  dielectric  constant.  The  enhancement  of  the  nonlinear  index  corresponds  to 
the  real  part  of  this  contribution. 
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The  intensities  for  failure  by  these  various  mechanisms  are  collected  in  bar- 
graph  form  in  Fig.  6.  The  lowest  failure  threshold  (~20  MW/cm  ) is  the  metallic 
failure  by  melting.  The  lowest  failure  intensity  for  transparent  materials  is  that  of 
the  one-photon-absorption,  elec  Iron -plasma  optical-distortion  process.  This  value  of 

2 -i 

failure  intensity  (~50  MW/cm  ) could  be  increased  if  the  large  value  of  0.  1 cm  for 
the  absoiption  coefficient  could  be  reduced  by,  say,  purifying  the  materials.  However, 
only  a factor  of  approximately  three  would  be  gained  since  the  failure  intensities  for 
the  two-photon-absorption,  electron-plasma  optical  distortion  and  the  macroscopic 
inclusions  are  only  slightly  greater  than  that  of  the  one-photon  electron -plasma  opti- 
cal-distortion process.  The  value  of  the  nonlinear  absoiption  coefficient  for  the  two- 
photon  absorption  process  has  been  estimated  only  to  within  an  order  of  magnitude  or 
so  since  the  electron  wavefunctions  are  not  well  known.  It  is  emphasized  that  the  re- 
sults in  Fig.  6 apply  to  a 7.2  cV,  10  ns  pulse,  and  that  both  the  values  of  the  intensi- 
ties and  the  relative  importance  of  the  mechanisms  change  in  general  when  the  wave- 
length or  pulse  duration  is  changed. 

At  tlie  present  time  such  detailed  results  as  those  of  Fig.  6 have  not  been  obtained 
for  other  wavelengths  and  other  pulse  durations.  Color-center  absorption  and  color- 
center  generation  in  the  ultraviolet  and  visible  regions  have,  of  course,  been  studied  in 
detail.  The  secondary-exponential  absorption  region  for  disordered  materials  also  has 
been  studied  in  some  detail,  as  have  the  limits  imposed  by  scattering.  Pulsed  laser 
damage  at  ruby  and  a few  other  optical  frequencies  have  received  considerable  atten- 
tion in  recent  years.  However,  neither  the  intrinsic  nor  the  extrinsic  values  of  failure 
intensities  are  known  for  the  ultraviolet  and  visible  wavelength  regions.  Such  results 
as  those  of  Fig.  6 for  7.2  eV,  10  ns  pulses  are  needed  for  wavelengths  throughout  the 
visible,  ultraviolet,  and  vacuum-ultraviolet  regions  and  for  a range  of  pulse  durations. 
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